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SOMMAIRE 
 
Les modèles d'occupation de niche au sein des communautés locales, la variabilité spatiale de 
la biodiversité le long des gradients environnementaux du stress et des perturbations, et les 
processus de succession végétale sont plusieurs sujets fondamentaux en écologie. Récemment, 
l'approche basée sur les traits est apparue comme un moyen prometteur de comprendre les 
processus structurant les communautés végétales et cette approche a même été proposée comme 
méthode pour reconstruire l'écologie communautaire en fonction des traits fonctionnels. Par 
conséquent, lier ces thèmes fondamentaux en utilisant une lentille fonctionnelle devrait nous 
donner un aperçu de certaines questions fondamentales en écologie et sera l'objectif principal 
de ma thèse. En général, mon projet de doctorat vise à étudier les structures de l'occupation de 
l'espace fonctionnel dans les gradients spatio-temporels. Plus précisément, l'objectif du chapitre 
2 est (i) d'étudier les modèles d'occupation de la niche fonctionnelle en calculant trois métriques 
clés de niche  (le volume total  de niche fonctionnelle , le chevauchement des niches 
fonctionnelles et le volume de niche fonctionnel moyen) des communautés pauvres en espèces 
aux communautés riches en espèces et (ii) de déterminer le principal facteur de la structure 
observée de l'occupation de la niche fonctionnelle dans les communautés végétales du monde 
entier. Dans le chapitre 3, je vise à prédire et à expliquer la variation de la richesse en espèces 
selon les gradients de stress et de perturbation, en reliant le modèle d'équilibre dynamique et 
l'occupation de la niche fonctionnelle en fonction du cadre développé au chapitre 2. L'objectif 
du chapitre 4 est de tester expérimentalement l’application d'une méthode d'ordination CSR 
évaluée globalement en fonction de trois traits de feuilles (surface foliaire, teneur en matière 
sèche des feuilles et surface foliaire spécifique) dans les études locales. Enfin, l'objectif du 
chapitre 5 est de tester expérimentalement les hypothèses qui concilient les points de vue 
déterministes et historiquement contingents de la succession végétale, en étudiant la variation 
des divergences taxonomiques et fonctionnelles entre les communautés selon des gradients de 
stress et de perturbation. 
 
L'étude globale (chapitre 2) est basée sur une collection de 21 jeux de données, couvrant les 
biomes tropicaux et tempérés, et se compose de 313 communautés végétales représentant 
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différentes formes de croissance. Les études locales (chapitre 3, 4 et 5) sont basées sur le 
même système expérimental constitué de 24 mésocosmes présentant différents niveaux de 
stress et de perturbation. L'expérience a commencé en 2009 avec le même mélange de graines 
de 30 espèces herbacées semées sur les 24 mésocosmes et s'est terminée en 2016. Nous avons 
permis la colonisation naturelle de graines de la banque commune de graines de sol et de 
l'environnement pendant la succession de sept ans. Dix traits ont été mesurés sur cinq 
individus (échantillonnés directement à partir des mésocosmes) par espèce par mésocosme en 
2014 (chapitre 3 et 4). Un autre ensemble de traits (16 traits, y compris certains traits qui ne 
pouvaient pas être mesurés directement dans les mésocosmes), ont été mesurés au niveau de 
l'espèce (valeurs moyennes des traits) pour les 34 espèces les plus abondantes (certaines 
espèces disparues dans les mésocosmes) au cours des sept Ans, en les regroupant séparément 
pour une saison de croissance. 
 
Au chapitre 2, nous avons constaté que les communautés étaient plus diverses en termes 
fonctionnels (une augmentation du volume fonctionnel total) dans les communautés riches en 
espèces et que les espèces se chevauchaient davantage au sein de la communauté 
(augmentation du chevauchement fonctionnel), mais ne divisaient pas plus finement l'espace 
fonctionnel (aucune réduction du volume fonctionnel moyen). En outre, le filtrage de l'habitat 
est un processus répandu qui conduit à la caractérisation de l'occupation de niche fonctionnelle 
dans les communautés végétales. Dans le chapitre 3, nous avons trouvé un modèle similaire 
d'occupation de niche fonctionnelle sur un système expérimental avec une taille spatiale 
communautaire constante et un effort d'échantillonnage des traits, qui, avec le chapitre 2, nous 
a fourni une image plus complète et plus solide de l'occupation de niche fonctionnelle dans les 
communautés végétales. De plus, nous avons réussi à relier le modèle de l'occupation de la 
niche fonctionnelle et le modèle d'équilibre dynamique et avons constaté que le filtrage 
concurrentiel était le processus dominant qui détermine le mode d'occupation de la niche 
fonctionnelle et la richesse des espèces le long du stress et de la perturbation des gradients. Au 
chapitre 4, nous fournissons un soutien empirique à une méthode d'ordination CSR calibrée 
globalement en montrant une relation entre l'abondance relative d'espèces en croissance dans 
les mésocosmes ayant différents niveaux de fertilité du sol et mortalité indépendante de la 
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densité et leur classification CSR. Au chapitre 5, nous avons montré que la succession 
d'installations au cours de sept ans dans ces mésocosmes était plus déterministe d'un point de 
vue fonctionnel, mais plus historiquement contingent d'un point de vue taxonomique et que 
l'importance relative de la contingence historique a diminué à mesure que l'environnement 
devenait plus stressé ou perturbé. 
 
En conclusion, les structures de l'occupation de l'espace fonctionnel dans (le volume 
fonctionnel total, le chevauchement fonctionnel et le volume fonctionnel moyen, les Chapitre 
2 et 3) ou entre les communautés locales (dissimilarité fonctionnelle, chapitre 5) sont 
déterministes plutôt que neutres (ou contingence historique ). Les espèces tolératrices de stress 
sont plus avantagées dans les mésocosmes moins fertiles tandis que les espèces rudérales sont 
plus avantagées dans les mésocosmes avec plus de mortalité indépendante de la densité. 
 
The patterns of niche occupancy within local communities, the spatial variability of biodiversity 
along environmental gradients of stress and disturbance, and the processes of plant succession 
are several fundamental topics in ecology. Recently, the trait-based approach has emerged as a 
promising way to understand the processes structuring plant communities and has even been 
proposed as a method to rebuild community ecology based on functional traits. Therefore, 
linking these fundamental themes through a functional lens should give us more insight into 
some basic questions in ecology and will be the main objective of my thesis. Generally, my PhD 
project is to investigate the structures of functional space occupancy along both spatial and 
temporal gradients. Specifically, the objective of Chapter 2 is to investigate the patterns of 
functional niche occupancy by calculating three key niche metrics (the total functional niche 
volume, the functional niche overlap and the average functional niche volume) from species-
poor communities to species-rich communities and to determine the main driver of the observed 
pattern of functional niche occupancy across plant communities worldwide. In Chapter 3, I aim 
to predict and explain the variation of species richness along gradients of stress and disturbance, 
by linking the dynamic equilibrium model and functional niche occupancy based on the 
framework developed in Chapter 2. The objective of Chapter 4 is to experimentally test the 
application of a globally calibrated CSR ordination method based on three leaf traits (leaf area, 
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leaf dry matter content and specific leaf area) in local studies. Finally, the aim of Chapter 5 is 
to experimentally test the hypotheses reconciling the deterministic and historically contingent 
views of plant succession, by investigating the variation of taxonomic and functional 
dissimilarities between communities along gradients of stress and disturbance. 
 
The global study (Chapter 2) is based on a collection 21 trait datasets, spanning tropical to 
temperate biomes, and consisting of 313 plant communities representing different growth forms. 
The local studies (Chapter 3, 4 and 5) are based on the same experimental system consisting of 
24 mesocosms experiencing different levels of stress and disturbance. The experiment started 
in 2009 with the same seed mixture of 30 herbaceous species broadcast over the 24 mesocosms 
and ended in 2016. We allowed natural colonization of seeds from the common soil seed bank 
and from the surroundings during the seven-year succession. Ten traits were measured on five 
individuals (sampled directly from the mesocosms) per species per mesocosms in 2014 (Chapter 
3 and 4). Another set of traits (16 traits including some traits that were not able to measured 
directly in the mesocosms) were measured at the species level (species mean traits values) for 
the 34 most abundant species (some species disappeared in the mesocosms) over the seven years, 
by regrowing them separately for one growing season. 
 
In Chapter 2, we found communities were more functionally diverse (an increase in total 
functional volume) in species-rich communities, and species overlapped more within the 
community (an increase in functional overlap) but did not more finely divide the functional 
space (no decline in average functional volume). Moreover, habitat filtering is a widespread 
process driving the pattern of functional niche occupancy across plant communities. In Chapter 
3, we found a similar pattern of functional niche occupancy on an experimental system with a 
constant community spatial size and trait-sampling effort, which together with Chapter 2 
provided us a more comprehensive and robust picture of functional niche occupancy across 
plant communities. In addition, we succeeded in linking the pattern of functional niche 
occupancy and the dynamic equilibrium model and found that habitat filtering was the dominant 
process determining the pattern of functional niche occupancy and species richness along the 
gradients stress and disturbance. In Chapter 4, we provide empirical support for a globally 
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calibrated CSR ordination method by showing a relationship between the relative abundance of 
species growing in mesocosms having different levels of soil fertility and density-independent 
mortality and their CSR classification. In Chapter 5, we showed that plant succession over seven 
years in these mesocosms was more deterministic from a functional perspective but more 
historically contingent from a taxonomic perspective, and that the relative importance of 
historical contingency decreased as the environment became more stressed or disturbed. 
 
In conclusion, the structures of functional space occupancy within (the total functional volume, 
the functional overlap and the average functional volume; Chapter 2 and 3) or between local 
communities (functional dissimilarity, Chapter 5) are deterministic rather than neutral (or 
historical contingency). Stress-tolerators were more favored in high stress communities, while 
ruderals are more favored in high disturbed mesocosms (Chapter 4). 
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Chapitre 1  
- 
INTRODUCTION GÉNÉRALE 
 
 
The history of niche concepts 
 
Grinnellian and Eltonian niche  
 
The niche, one of the most fundamental concepts in community ecology, has been developed 
and widely used for a century (Chase and Leibold, 2003; Colwell and Rangel, 2009; Holt, 2009; 
Kylafis and Loreau, 2011). Grinnell (1917) first explicitly proposed the niche concept in his 
paper "The niche relationships of the California Thrasher", where he described the niche as the 
sum of the habitat requirements (e.g. vegetative cover, diet, atmospheric humidity) that allowed 
a species to persist and produce offspring. Ten years later, Elton (1927) proposed a different 
niche concept from Grinnell (1917), which acknowledged the importance of species’ functional 
roles within the food chain and their impacts on the environment. The Grinnellian niche 
described the response of species to the environment, while the Eltonian niche focused on the 
impact of species on the environment. However, both Grinnellian and Eltonian descriptions of 
the niche were pretty vague since they did not provide a quantitative method to quantify the 
niche occupied by species, and thus were not applicable in empirical studies. 
 
Hutchinsonian and functional niche 
 
Hutchinson (1957) took the Grinnellian niche one step further by suggesting a quantitative 
formulation of the niche – the hypervolume niche concept. The Hutchinsonian niche was 
quantified as a hypervolume occupied by a species in an n-dimensional space, where the niche 
axes are environmental factors (e.g. temperature, resources). Within the hypervolume, species 
have positive fitness and thus can persist indefinitely. Outside the hypervolume, species have 
negative fitness and thus cannot survive. Hutchinson (1957) further distinguished the 
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fundamental niche and the realized niche: the fundamental niche was the hypervolume occupied 
by one species in the absence of other species, while the realized niche was a subset of the 
fundamental niche because of the restrictions due to interspecific competition or other biotic 
interactions. Similar to the extension of the Grinnellian niche to the Hutchinsonian niche, the 
Eltonian niche could also be extended in an n-dimensional functional space, where the axes 
embody functional traits rather than abiotic variables (Rosenfeld, 2002). A trait is any 
morphological, physiological or phenological feature measurable at the individual level, from 
the cell to the whole-organism level, without reference to the environment or any other level of 
organization (Violle et al., 2007). The functional niche concept has received both theoretical 
and methodological attention (Devictor et al., 2010; Mouillot et al., 2007), because of a growing 
interest for functional traits in community ecology (McGill et al., 2006a; Violle et al., 2012). 
These two aspects of the niche (Grinnellian and Hutchinsonian niche vs. Eltonian and functional 
niche), which revealed the feedback between organisms and their environment, have been 
unified into a synthetic niche concept (Chase and Leibold, 2003): “the joint description of 
environmental conditions that allow a species to satisfy its minimum requirements so that the 
birth rate of a local population is equal or greater than its death rate along with the set of per 
capita effects of that species on the environmental conditions.” 
 
Models of community assembly and mechanisms of species coexistence 
 
Community assembly, the process of how local communities are assembled from the regional 
species pool, has been a central theme in community ecology (Weiher and Keddy, 1999). The 
term “assembly rule”, first proposed by Diamond (1975), primarily focused on whether 
competitive interactions between species would generate predictable patterns of species co-
occurrence in communities. Weiher and Keddy (1995) further developed the idea and viewed 
community assembly in a hierarchical manner where species first pass through an abiotic filter 
and then a biotic filter. Nowadays, community assembly is generalized as processes operating 
at a wide range of spatiotemporal scales (Figure 1.1): (i) the formation and evolution of the 
species pool; (ii) the processes affecting the subset of the regional species pool available for 
colonization of a particular site (chance and dispersal limitation); (iii) how species from the site-
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specific species pool passing through the abiotic and biotic filters (local coexistence). In this 
section, I review the models of community assembly including (i) the Lotka-Volterra model, 
(ii) a resource competition model and (iii) the neutral theory model. 
	
	
Figure 1.1 The processes of community assembly generating local communities, modified 
from HilleRisLambers et al. (2012). 
 
A community, also known as a biocoenosis, is an assemblage of all species occupying the same 
geographical area at a particular time (species interact with each other). Let us follow the logical 
sequence of questions that are generated by viewing communities as collections of species. One 
of the most dramatic ecological discoveries on our planet is species diversity. This leads to the 
first major question proposed (and answered) by Darwin (1859): how do species arise? This 
stimulated a century of research into the mechanisms and consequences of evolution through 
natural selection. After knowing where species come from, the second question might be: why 
are there so many species or how do these species coexist (Hutchinson, 1959)? This leads to the 
questions of taxonomic biodiversity and species coexistence (May, 1986). Finally, we may ask: 
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why do we see species A, B and C rather than X, Y and Z at a given site? This question asks 
about the rules governing the assembly of species from species pool (Diamond, 1975; Weiher 
and Keddy, 1999). Early models of community assembly (e.g. the Lotka-Volterra model and 
the resource competition model) mainly focused on species interaction and coexistence in a 
local community, while the later neutral model (Hubbell, 2001) links the process of community 
assembly at local scales and evolutionary and biogeographical processes at large scales. 
 
Lotka-Volterra model 
 
If we view a community from a “community-as-machine” perspective, it is natural for us to 
study the dynamic of each species within the community (population ecology) and then put them 
together to construct a model of community dynamics. We know that populations can grow at 
exponential rates in the presence of abundant resources, expressed as: 
. 
dN/dt·1/N indicates the per capita growth rate, and r is usually called the intrinsic rate of increase 
(or potential growth rate), which can only be achieved by a species under ideal environmental 
conditions. However, no population can maintain this potential indefinitely without depleting 
resources. Therefore, the per capita growth rate should decrease and eventually converge to zero 
when resources are exhausted and the population size gets large. This is known as the logistic 
population growth, expressed as: 
. 
Population ecologists built the logistic model by adding a factor (N/K, called environmental 
resistance) to the exponential model to slow the per capita growth rate when the population size 
(N) reaches the carrying capacity (K). Moving from a single species to multiple interacting 
species, the per capita growth rate of species i is a general function (f) of all species is: 
. 
1
N ⋅
dN
dt = r
1
N ⋅
dN
dt = r 1−
N
K
⎛
⎝⎜
⎞
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1
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The classical equation usually takes the first term of the Taylor series expansion of the function 
for each species. The dynamics of a community can thus be described by Lotka-Volterra 
equations (Lotka, 1925; Volterra, 1926) in terms of absolute competition coefficients rather than 
parameterizing the equations in terms of carrying capacities and relative competition 
coefficients (Chesson, 2000): 
. 
The αii is the competition effect of species i on itself (intraspecific competition coefficient) and 
αji (j ≠ i) is the competition effect of species j on species i (interspecific competition coefficient). 
By analyzing the growth trajectories of each species in the phase space, species i can increase 
from low density in the presence of its competitors if αjj > αji (j ≠ i), which means species i 
cannot be competitively excluded by other species if the competition effects of other species on 
themselves is greater than their competition effects on species i. Therefore, all the species could 
stably coexist only if αjj > αji (j ≠ i) for all i from 1 to S, which can be read simply as “intraspecific 
competition must be greater than interspecific competition for stable coexistence”. 
 
A famous test of the Lotka-Volterra model was a laboratory experiment on two species of 
Paramecium (Gause, 1934). Based on this competition experiment, Gause (1934) proposed the 
famous competition-exclusion principle with the niche concept: “A niche indicates what place 
a given species occupies in a community, i.e., what are its habits, food and mode of life. It is 
admitted that as a result of competition two similar species scarcely ever occupy similar niches, 
but displace each other in such a manner that each takes possession of certain peculiar kinds 
of food and modes of life in which it has an advantage over its competitor”. Hutchinson (1957) 
restated this principle (and called it Volterra-Gause principle) with his definition of the realized 
niche: “two species can coexist only when their realized niches do not intersect”. Although this 
principle was formalized by Lotka (1925) and Volterra (1926), or even earlier described by 
Darwin (1859) and Wallace (1878), it did not became well known and widely used until Gause 
(1934) provided the experimental evidence and Hutchinson (1957) clearly restated the principle 
with the niche concept. The competition-exclusion principle still remained one the most 
fundamental concepts in coexistence theory today. The theory of limiting similarity (MacArthur 
1
Ni
⋅ dNi
dt
= ri 1− α jiN j
j=1
S
∑⎛⎝⎜
⎞
⎠⎟
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and Levins, 1967; May, 1974), as an outgrowth of the competition-exclusion principle, 
predicted a limit to the similarity (niche overlap) of competing species which were able to 
coexist. 
	
Resource competition model 
 
Lotka-Volterra models and the related extensions can be treated as models of direct competition: 
a change in density of one species has immediate direct effects on the growth rate of other 
species. Tilman (1982) proposed a resource competition model of community assembly by only 
considering the indirect interaction between species through their use of common limiting 
resources. Tilman (1982) defined a resource as: “any substance or factor that can lead to 
increased growth rates as its availability in the environment is increased, and it is consumed by 
an organism”. For instance, temperature is not a resource by this definition, because species do 
not consume temperature. The generalized resources competition equations for S species 
competing for l resources, which express how resources influence the growth of a population 
and how the consumers affect the availability of resources, can be written as: 
. 
Rj is the availability of resource j, mi is the mortality of species i, fi is the function describing the 
dependence of ri (per capita growth rate) on resource availability, gj is the function describing 
the supply rate of resource j; hij is the function describing the amount of resource j required to 
produce an individual of species i. Considering the Monod equation (Monod, 1950), a good 
approximation to the growth function of many species, the resource competition equations could 
be simplified as: 
1
Ni
⋅ dNidt = fi R1,...,Rl( )−mi 1( )
dRj
dt = gj Rj( )− Ni fi R1,...,Rk( )hij R1,...,Rl( )i=1
S
∑ 2( )
⎧
⎨
⎪⎪
⎩
⎪
⎪
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. 
The coefficient kij (half saturation constant) is the availability of resource j at which species i 
reaches the half of its maximum growth rate (ri), γi is the number of individuals of species i 
produced per unit resource, Sj is the total amount of resource j being supplied to the system, and 
aj is the rate constant for resource supply. At equilibrium (dN/dt·1/N = 0, dRj/dt = 0), the 
equations give the solution: 
 
with one value of Rij* for each species. Given a single limiting resource, the species with the 
lowest R* competitively displaces all other species at equilibrium, independent of the initial 
population densities. For multiple limiting resources, stable coexistence of the species only 
occurs when each species consumes proportionately more of the resource that limits its growth 
most, and the maximum number of coexisting species cannot exceed the number of limiting 
resources. Thousands of papers citing Tilman (1982)’s book have been published during the 
following twenty years, reviewed by Miller et al. (2005), but only 26 studies reported a proper 
test of the resource competition model. Miller et al. (2005) concluded that the resource 
competition model worked well in aquatic chemostat systems but not in terrestrial field systems. 
The poor predictive ability in terrestrial field systems might simply result from a paucity of tests 
because of the difficulty in measuring nutrient dynamics in heterogeneous soils. 
 
A species’ R* reflects not only its ability to capture resources (k) when they are in low 
concentration, but also its ability to grow and reproduce (r) rapidly enough to compensate for 
tissue death and mortality (m). In essence, it is the overall fitness of a species that leads to its R* 
value. Tradeoffs play an important role in species coexistence: the advantages that a species has 
on one aspect are offset by compensating disadvantages on other aspects, which make the R* 
1
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⋅ dNidt = min
riRj
Rj + kij
−mi
⎛
⎝⎜
⎞
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values of species nearly equal. However, such similarity in average fitness does not lead to 
stable coexistence. Coexistence can be realized with resource partitioning (Chesson, 2000): 
. 
where ki measures the average fitness of species i,  is the average fitness of residents, ρ is an 
estimation of resource use overlap between them, and D is a positive constant. The first term on 
the right-hand side of the equation (equalizing term), indicating the average fitness comparison, 
cannot be positive for all species. The second term of the equation with ρ<1 (resource overlap 
is less than 100%) is positive for all species (stabilizing term). Without the stabilizing term, the 
equalizing term does not lead to stable coexistence but rather leads to the loss of all species 
except the one with the largest fitness. However, if the stabilizing term is larger than the absolute 
value of the equalizing term for any species ( ), all species can 
stably coexist. Equalizing mechanisms alone cannot lead to species coexistence, but can slow 
down the competitive exclusion and thus promote species coexistence in the presence of 
stabilizing mechanisms. 
 
Neutral model 
 
Traditional theories of species coexistence based on the Lotka-Volterra model and the resource 
competition model (the niche theories) have difficulty in explaining the species diversity in 
species-rich communities: there are not enough niches to hold so many species. For instance, a 
majority of BCI (Barro Colorado Island) trees are shade tolerant species, which are not at all 
clearly niche differentiated, so it is difficult to explain the plethora of such species with niche 
theories (Hubbell, 2005, 2006). 
 
On the other hand, prediction and explanation of the species abundance distribution (the number 
of species having different numbers of individuals, SAD) have been a goal for community 
ecologists for a long time. SAD was studied using both inductive and deductive approaches. 
Inductive approaches, the infancy stage of studying SAD, simply fitted the observed SAD to a 
 
1
Ni
dNi
dt ! ri ki − k( ) + ri
1− ρ( )D
S −1
k
∀i ∈1:S, 1− ρ( )DS −1 > | ki − k |
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known statistical distribution with little or no attempt at theoretical explanation. The logseries 
distribution (Fisher et al., 1943) and the lognormal distribution (Preston, 1948) were the two 
most well-known fitted SADs. In the logseries distribution (Figure 1.2), the number of species 
have n individuals S(n) was predicted as: 
	
where 0 < x < 1 and α (>0) was measure of species diversity independent of sample size. 
 
 
Figure 1.2 An example of a logseries distribution fitting data of species (months) abundance 
collected at Rothamsted Field Station (United Kingdom), from (Fisher et al., 
1943). The logseries always predicted that the abundance singleton species was 
the largest. 
 
By grouping species having individuals within each logarithmic unit, Preston (1948) found the 
pattern of species abundance distribution was approximately normally distributed (Figure 1.3). 
The number of species in Rth octave SR was: 
where S0 was the number of species in the modal group.  
 
S n( ) = α ⋅ x
n
n
SR = S0 ⋅e
− R
2
2σ2
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Figure 1.3 A lognormal distribution species abundance for the same moth data collected at 
Rothamsted Field Station (United Kingdom), from Preston (1948). 
 
MacArthur (1957) criticized the inductive approaches of studying SAD since he believed that 
there must be an underlying general mechanism generating the ubiquitous logseries and 
lognormal patterns of SAD. His paper (MacArthur, 1957) ignited a decade of great interest in 
deductive models of SAD based on hypotheses of how communities were organized, such as 
the broken-stick model (MacArthur, 1960), the niche preemption model (Motomura, 1932; 
Whittaker, 1965), the sequential breakage model (Pielou, 1975; Sugihara, 1980), and neutral 
models (Bell, 2000; Caswell, 1976; Hubbell, 1979; Hubbell, 2001). Here, I present Hubbell 
(2001)’s neutral model based on two assumptions: (i) all individuals are ecologically equivalent 
(they have the same per capita birth, death, migration, and speciation rates); (ii) communities 
are saturated (no species can increase in abundance in the community without a matching 
decrease in the collective abundance of all other species). 
 
In the metacommunity (existed at large spatial scales and evolutionary timescales, similar to the 
regional species pool used in community assembly), community structure was determined by 
birth-death, speciation-extinction processes. Hubbell (2001) derived the probability S species 
having n1, n2…, ns within the metacommunity P(S, n1, n2…, ns): 
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where q was called the fundamental biodiversity number, J was total number of individuals of 
the S species and was the number of species having i individuals. Then, the expected 
abundance of the ith ranked species (ri) in a metacommunity was: 
 
where C is the total number of configurations, ri(k) is the abundance of the ith ranked species in 
the kth configuration. 
 
At local scales, community structure was determined by birth-death and immigration from the 
metacommunity (m). However, Hubbell did not succeed in providing an analytical solution for 
SAD in a local community with dispersal limitation (m < 1). Fortunately, the analytical formula 
has been found later from two different lines. One line (Volkov et al., 2003), using a mean-field 
master equation approach with a Markovian description of states and transitions, provided the 
analytical expression for the expected number of species with a certain abundance (n) in a local 
community (J): 
 
where  and . The other line (Etienne, 2005), taking a 
coalescent-type approach where community members were traced back to the ancestors that 
once immigrated into the community, provided an analytical expression for the multivariate 
probability of observing a specific species abundance distribution (  in a local 
community (J): 
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where I was given by ,  was the Pochhammer symbol defined as 
, and  was defined as: 
. 
These analytical formulae predicted a logseries distribution when m reached 1 (e.g. the local 
community was entirely determined by the structure of metacommunity). If m reached 0 (local 
community was completely isolated from the metacommunity), the local community would 
eventually be reduced to a single species because of ecological drift. When m was an 
intermediate value between 0 and 1, it predicted a zero-sum multinomial distribution, which was 
similar to lognormal distribution but with a long tail of rare species. 
 
Neutral model (Hubbell, 2001) has made great success in predicting the species abundance 
distribution in many communities and become a prevalent theory to understand processes of 
community assembly (Etienne, 2005; Muneepeerakul et al., 2008; Ronen and Yuval, 2006; 
Volkov et al., 2003). However, there were also some dissenting voices declaring that neutral 
theory did not provide a better fit to the observed species abundance distributions than other 
models (McGill, 2003; McGill et al., 2006b). Moreover, Purves and Pacala (2005) criticized 
that a neutral species abundance distribution did not mean neutral assembly process, thus only 
testing the species abundance distribution was not enough to provide evidence of a neutral 
process. Hubbell (2006) still insisted that neutral theory could not give such a precise prediction 
of species abundance in BCI (r2=0.996 for over 1100 tree species), unless it accurately captured 
some fundamental statistical-mechanical processes determining community structure. Although 
neutral theory suffered from doubts and critics, it still displayed powerful vitality. Neutral theory 
acknowledged the importance of stochasticity in community assembly and provided the linkages 
between the ecological process of community assembly at local scales and evolutionary and 
biogeographic processes at large scales. Nowadays, the debate between niche theory and neutral 
theory is not as strong as it used to be. Most ecologists tend to unify both deterministic processes 
m = II + J −1 x( )y
x( )y = x + i −1( )i=1
y∏ = s y,i( )xi
i=1
y
∑  K D
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and stochastic processes to better understand community assembly (Adler et al., 2007; Gravel 
et al., 2006). 
	
Structure of (functional) niche occupancy 
 
One of the greatest challenges in community ecology is to understand the structure of an n-
dimensional niche space (Hutchinson, 1957), by mapping the niches occupied by each species 
within a community onto that space. This is the key to understanding a fundamental question in 
ecology: how are species are added to the niche space as one moves from species-poor to 
species-rich communities (Swenson and Weiser, 2014)? 
 
Conceptual and theoretical approaches 
 
Early studies on niche packing were just conceptual descriptions or theoretical deductions based 
on a few simplified assumptions (Giller, 1984; Hutchinson, 1957; MacArthur and Levins, 1967; 
Rappoldt and Hogeweg, 1979; Rogers, 1977). The idea originated from Hutchinson (1957) 
when he developed the idea of the realized niche (Figure 1.4). Later, Hutchinson (1978) more 
explicitly stated this idea in his book (Hutchinson, 1978): “If we introduce a second species, its 
niche may not overlap that of the first species. If it did overlap, we should expect that, in the 
hyperspace where overlap occurred, competition exclusion would take place and the overlap 
would either be incorporated into the niche of one or the other species or be divided between 
the two”. If we continue introducing species into the niche space, we would obtain the picture 
of niche occupancy for any number of species within a community. However, these were 
conceptual ideas without any quantitative predictions on niche packing. 
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Figure 1.4 An example of niche occupancy structure for two species in two-dimensional 
niche space quantified by temperature and soil PH. N1 and N2 are the fundamental 
niches occupied by the two species (S1 and S2), N1-N2 is the subset of N1 not in 
N2 (the realized niche of S1), N2-N1 is the subset of N2 not in N1 (the realized niche 
of S2). N1∩N2 is the niche overlap between N1 and N2 (where the competition 
exclusion occurs), and N1∪N2 is the union of N1 and N2.
 
MacArthur and Levins (1967) first quantitatively studied niche packing based on a Lotka-
Voltera model with three species in a one-dimensional niche space (the niche hypervolume was 
simply the niche breadth). He concluded that: “The total number of species is proportional to 
the total range of the environment divided by the niche breadth of the species.” The work was 
further developed by Rogers (1977) in an n-dimensional niche space based on four simplifying 
assumptions. (i) Each niche occupied by a species was represented by an n-sphere by assuming 
the independent Gaussian distribution of fitness with identical variation on each environmental 
variable (s2). (ii) The n-sphere of each species was congruent with the same radius r. (iii) There 
was no niche overlap between species. (iv) The total n-dimensional niche was also represented 
as an n-sphere with radius R (independent Gaussian distribution with identical variation on each 
environmental variable - b2). The problem was to determine how many n-spheres (species) of 
radius r could be packed without overlapping in such a way that the centers of the n-spheres 
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were contained within the interior of an n-sphere of radius R (Figure 1.5). However, the solution 
for this problem was not known even for n = 3 (Tóth, 1964). Instead, Rogers (1977) estimated 
an upper bound (N) of this number by computing the ratio between the total niche volume (V) 
and niche volume of one species (v): 
. 
The potential number of niches (N) increased exponentially with the dimensionality of the niche 
space (n). It increased with b and decreased with s but to a smaller amount, which was consistent 
with the observation that specialists (smaller s) were more tightly packed in niche space than 
generalists (larger s). Although these theoretical studies might not reveal some reality in natural 
communities because of the simplifying assumptions (e.g. niches of individual species were not 
necessarily to be n-spheres or congruent), they did provide us some general ideas of niche 
occupancy and stimulated later empirical studies on this topic. 
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Figure 1.5 Niche packing in a two-dimensional niche space. Blue circles of radius r are 
niches of individual species, while the red circle of radius R is total environmental 
niche. How many blue circles can be packed with their centers being contained 
within the red circle without overlap? 
 
Empirical and functional approaches  
 
Because of the practical limitations of measuring resource niche axes for a large number of 
species, ecologists have rarely investigated the pattern of niche occupancy in natural 
communities. However, trait-based ecology offers an alternative approach for investigating 
niche occupancy in functional space (hence functional niche occupancy). An n-dimensional 
functional space is defined analogously to the Hutchinsonian niche space, except that the axes 
represent functional traits rather than resources (Rosenfeld, 2002). Empirical studies of 
functional niche occupancy began with animal communities containing a few species. The first 
study, to my knowledge, was done in avian communities by Ricklefs and Travis (1980), who 
quantified the total functional volume occupied by the whole community and the nearest 
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neighbor distance between species in functional space, investigated their relationships with 
species richness, compared them to the null expectation by randomly assembling species from 
the species pool. They found species were more likely to be added to the periphery of the 
functional space occupied by the core species to make up more functionally diverse 
communities. In addition, the degree of species packing was not determined by interactions 
among species since the nearest neighbor distance was not significantly different from the null 
expectation. Since then, a variety of empirical studies on functional niche occupancy have been 
done in different types of animal communities, and obtained the similar pattern of functional 
niche occupancy, reviewed by Ricklefs and Miles (1994). The empirical studies on functional 
niche occupancy in plant communities have just begun recently. Swenson and Weiser (2014) 
explicitly investigated the functional niche occupancy for tree communities in North America. 
In the same year, Lamanna et al. (2014) explored the relationship between total functional 
volume and species richness for tree communities at larger scale spanning temperate and tropical 
New World. 
 
In all of the above studies, each species was positioned, by its mean trait values, as single point 
in functional space (Figure 1.6a). Functional niche occupancy was usually quantified with the 
total functional volume occupied by the whole community and the distance between species 
within the community, however, these functional niche occupancy metrics based on species’ 
mean trait values did not provide any insights into functional overlap between species or the 
functional volume occupied by each species. A more comprehensive picture of functional niche 
occupancy, by considering intraspecific trait variability, was able to address this issue. In this 
picture (Figure 1.8b), each species occupies a functional volume in this space, estimated from 
the intraspecific trait variability. When all species of a community are mapped onto the 
functional space, the functional niche occupancy structure of the community can be described 
by three metrics: the total functional volume of the community (T), the functional overlap 
between species within the community (O) and the average functional volume per species (A). 
There is an underlying relationship liking species richness (S) and the three niche occupancy 
metrics (see derivation in Appendix A1): 
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. 
This equation is a mathematical identity (it is true by definition), rather an empirical hypothesis 
that requires testing. It not only specifies the logically possible responses of the niche occupancy 
metrics as species richness increases, but also makes explicit the fact that all three components 
of niche occupancy must be quantified in order to completely explain variation in species 
richness. Although ecologists have realized that intraspecific trait variability was an important 
source of total trait variability (Albert et al., 2010; Messier et al., 2010; Siefert et al., 2015), and 
played significant roles in trait-based community assembly (Jung et al., 2010; Siefert, 2012), 
however, no study to date, has explicitly measured the three functional niche occupancy metrics 
including intraspecific trait variability. In my thesis, I investigated the patterns of functional 
niche occupancy (intraspecific trait variability is included, Figure 1.6b) along species richness 
gradient at both global (Chapter 2) and local scales (chapter 3), and tested processes determining 
the functional niche occupancy. 
	  
S = T +O
A
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Figure 1.6 Pattern of functional niche occupancy without (a) and with (b) intraspecific trait 
variability. In case (a), each species is represented by a single point based on the 
species’ mean trait values. Total functional volume (e.g. convex hull of all 
species’ points as solid lines) and degree of species packing (mean nearest 
neighbor distance between species’ points as dotted lines) were usually used to 
describe functional niche occupancy. In case (b), each species occupies a specific 
functional volume (a colored circle), then functional niche occupancy can be 
described by: the total functional volume (union of the circles), the functional 
overlap (sum of intersections among the circles) and the average functional 
volume per species (the average volumes of circles). 
 
Methods of quantifying niche volume 
 
Although the niche is one the most fundamental concepts in ecology, quantifying the niche 
volume from a set of observations (points) with an appropriate mathematical method still 
remains a difficult problem (Blonder et al., 2014). An ideal estimation of a hypervolume (niche) 
should: (1) directly delineate the boundaries of the hypervolume; (2) not assume a fixed 
distribution of observations; (3) not be sensitive to outlier points; (4) easily calculate the union 
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and intersection among multiple hypervolumes (Blonder et al., 2014). Here, I review the main 
advances made in quantifying niche volumes (Figure 1.7). 
 
 
 
Figure 1.7 Different ways of estimating niche volume from a set of observations. 
 
The n-dimensional box 
 
The shape of the niche occupied by one species should be a rectangle in a two-dimensional niche 
space if the two variables are independent in their actions on the species, while the niche can be 
any shape if failing such independency (Hutchinson, 1957). Litvak and Hansell (1990) used 
principle component analysis (PCA) to insure the independency of PCA axes (functions of 
resource axes). In this way, a niche could always be quantified as an n-dimensional box. The 
niche volume occupied by the ith species - V(Ni), is simply the product of the niche width (Wia) 
on each axis: 
. 
βia and αia are the maximum and the minimum of the range of ath resource used by species i.  
 
The convex hull 
 
For a given set of points (p1, p2…, pm), the convex hull (C) is defined if it contains the line 
segments connecting each pair of the points, expressed as an equation it is: 
V Ni( ) = Wia
a=1
n
∏ = βia −α ia( )
a=1
n
∏
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. 
The R package “geometry” (Kai et al., 2005) provides a function “convhulln” for finding the 
convex hull from a set of points and calculating the volume of the convex hull. Although many 
shapes can be used to enclose the points (e.g. the smallest cube or sphere), the convex hull is 
the smallest convex polygon enclosing the points (Barber et al., 1996). Compared to the n-
dimensional box, the convex hull seems a more accurate estimate of the niche since it reduces 
part of empty space. 
 
The ellipsoid 
 
Both n-dimensional box and convex hull are based on the geometrical shape of the niche, and 
thus sensitive to outliers. This problem can be reduced if we underweight the outliers from a 
statistical perspective, for instance, we can define the shape of the niche as the contour 
containing a proportion of the probability density (the distribution of the observed data). If we 
assume the observed data follows an n-dimensional normal distribution – Nn(µ, Σ), the contour 
would be an n-dimensional ellipsoid containing 100(1-α)% of the probability: 
. 
The volume of the ellipsoid – V(E) is: 
. 
ai (i from 1 to n) are the semi-axes of the ellipsoid given by: 
. 
λi (i from 1 to n) are the eigenvalues of Σ. 
 
The hypervolume 
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Blonder et al. (2014) proposed a hypervolume method based on kernel density estimation. First, 
it estimates the density function (Z) of the distribution from the observations through kernel 
density estimation, thus does not make a priori assumption that the observed data follow a fixed 
distribution. Second, the niche shape is defined as a contour of Z (which can be any shape 
depending on Z) containing a proportion of the probability density. Finally, the volume of the 
enclosed region is estimated with importance-sampling Monte Carlo integration. Details of the 
comparison between the methods are given in Appendix A3. 
 
Models to describe local spatial patterns of diversity 
 
Ecologists have long recognized the spatial variability of species richness (Wallace, 1878), 
which was acknowledged to be determined by many factors including: historical factors (e.g. 
speciation), climate factors (e.g. temperature and precipitation), local environmental conditions, 
biotic interactions, etc. All these factors might simultaneously affect species richness, but with 
different magnitudes at different spatial scales (Fraser and Currie, 1996). For instance, the 
greatest variability of species richness along a largescale latitudinal gradient was more affected 
by historical and climate factors, while variability of species richness at local scales (within and 
among habitats) was more effected by local environmental conditions and biotic interactions. 
Ecologists needed to understand not only what factors affected species richness but also how 
these factors affected species richness (the mechanisms underlying the spatial patterns of species 
richness). Hypotheses designed to explain the large biogeographic pattern of species richness 
(Currie et al., 2004; Fraser and Currie, 1996) is an important topic but goes beyond the focus of 
my thesis. I my thesis, I focused on the local spatial patterns of species richness, and tested the 
following models developed for explaining and predicting the variation of species richness 
along gradients of stress and disturbance through a functional lens (Chapter 3 and Chapter 4). 
 
The CSR triangle model 
 
Grime’s CSR triangle model of plant strategies (Grime, 1974, 1979, 2001), has been proposed 
as a framework for both functionally classifying plants and for predicting how plant community 
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structure changes along gradients of stress and disturbance. Stress is defined as “the external 
constraints which limit the rate of dry matter production of all or part of the vegetation”. 
Therefore, a stress gradient and a productivity gradient are inverses of each other. Disturbance 
is defined as “the mechanisms which limit the plant biomass by causing its partial or total 
destruction”. Competition is defined as “the tendency of neighboring plants to utilize the same 
quantum of light, ion of mineral nutrient, molecule of water, or volume of space”. Therefore, 
the phenomena that restrict photosynthetic production and phenomena that cause the partial or 
total destruction of plant biomass are properties of a habitat that exist in the absence of 
competing plants. While a reduction in the growth of a plant, or even its death, due to resources 
being captured by another plant is neither a stress nor a disturbance. Within the four 
permutations of the extremes of stress and disturbance (Figure 1.10), one (high stress and high 
disturbance) is untenable because a very high rate of biomass destruction coupled with a very 
low rate of biomass production prevents any permanent formation of vegetation. The three 
remaining combinations are associated with the evolution of different suites of correlated traits 
conforming to each of the three distinct habitat extremes. These are the Competitors (low stress 
and low disturbance, thus high competition), the Stress-tolerators (high-stress and low 
disturbance) and the Ruderals (low stress and high disturbance). In addition to the extremes of 
evolutionary specialization (the three primary strategies: C, S and R), there are various 
secondary strategies which have evolved in habitats experiencing intermediate levels of 
competition, stress and disturbance (Figure 1.8). Competitive ruderals (CR) are adapted to low 
stress habitats where competition is restricted to a moderate intensity by disturbance. Stress-
tolerant competitors (CS) are adapted to lightly-disturbed habitats where competition is 
restricted to a moderate intensity by stress. Stress-tolerant ruderals (SR) are adapted to relatively 
high-stressed and high-disturbed habitats. CSR strategists are adapted to habitats where 
completion is restricted by intermediate levels of stress and disturbance. Although the CSR 
model did not make explicitly predictions of diversity-productivity/disturbance relationships, it 
specified functional responses of plants along gradients of stress and disturbance, which were 
experimentally tested in Chapter IV. 
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Figure 1.8 The location of primary and secondary strategies along gradients of stress and 
disturbance, modified from Grime (2001). C for competitors, S for stress-
tolerators, R for ruderals. 
 
The dynamic equilibrium model 
 
A prominent conceptual formulation for the diversity-disturbance relationship was the 
intermediate disturbance hypothesis, which predicted that species richness peaked at 
intermediate levels of disturbance (Connell, 1978). The diversity-stress relationship was also 
found to be unimodal (Grime, 1973). Empirical evidence for such unimodal responses has been 
reported in a wide range of field studies (Chase and Leibold, 2002; Flöder and Sommer, 1999; 
Molino and Sabatier, 2001). However, other forms of responses (e.g. positive monotonic, 
negative monotonic), have also been reported (Mittelbach et al., 2001; Shipley et al., 1991; 
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Waide et al., 1999). The inconsistency in the response of species richness to stress and 
disturbance might be caused by an interaction between the two factors. The dynamic equilibrium 
model that included the interaction between stress and disturbance (Huston, 1979; Huston, 
1994), was able to predict all the different forms (Figure 1.9). Moreover, the dynamic 
equilibrium model provided a niche-based explanation for the empirical relationships between 
species richness and stress/disturbance based on the trade-off between competitive ability and 
tolerance to stress/disturbance (Huston, 1979; Huston, 1994). The decline in species richness 
was due to competitive exclusion at low levels of stress and disturbance, while the decline in 
species richness was due to the inability of populations recover from high mortality rates at high 
levels of stress and disturbance. 
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Figure 1.9 Predicted responses of species richness to stress (inverse of productivity) and 
disturbance (density-independent mortality) on by the dynamic equilibrium 
model (based on Huston, 1994). Species richness peaks on the diagonal and 
declines on the two sides of the diagonal (species richness is higher in darker area 
than in lighter area). The relationships between species richness and disturbance 
are positive monotonic, unimodal and negative monotonic at low, medium and 
high level of stress, respectively. 
	
The n-species patch-occupancy model 
	
The dynamic equilibrium model (Huston, 1979; Huston, 1994), did not explicitly incorporate 
productivity and disturbance, and thus was not able to make quantitative predictions of species 
richness. To develop a more comprehensive picture of how productivity and disturbance 
affected species, Kondoh (2001) modified the n-species patch-occupancy model by explicitly 
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incorporate these factors. The environment consisted of discrete patches, which were empty or 
occupied by one of the n species, and the proportion of occupied patches changed over time due 
to inter-patch colonization by dispersal and within-patch extinction. The model was constructed 
based on three assumptions: (i) a tradeoff between species competitive ability (species i always 
competitively excluded species j if i < j) and its colonization rate (c) or mortality rate (m), (ii) 
an increase in productivity increased the colonization rate of all species by a constant (R); and 
(iii) an increase in disturbance increased the mortality rate of all species by a constant (D). Thus, 
the dynamics of the proportion of patches occupied by ith species (pi) was: 
 
The first term on the right side of equation represented successful colonization, the second term 
was patch loss due to local extinction and the third term was patch loss by competitive exclusion. 
The n-species patch-occupancy model predicted more precise relationships between species 
richness and productivity/disturbance (Figure 1.10), similar to the predictions by the dynamic 
equilibrium model (Figure 1.9). With increasing disturbance level, species richness increased 
until it peaked at certain level of disturbance and then declined (intermediate disturbance 
hypothesis). The peak position shifted towards a lower disturbance level as stress increased. At 
the extremes, species richness monotonically increased with disturbance level when stress was 
extremely low, but monotonically declined when stress is extremely high. The n-species patch-
occupancy model also allowed one to explore the mechanisms generating the species richness 
gradient at different levels of stress and disturbance. (i) Species richness peaked at intermediate 
levels of stress and disturbance, because the trade-off between the species allowed the 
coexistence of more species. (ii) Species richness declined at high levels of stress and 
disturbance, because poorer colonizers (superior competitors) cannot survive. (iii) Species 
richness declined at low levels of stress and disturbance, because poor competitors (superior 
colonizers) were outcompeted by superior competitors (Grime, 1973). 
 
dpi
dt
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Figure 1.10 Effects of productivity and disturbance on species richness based on n-species 
patch-occupancy model. Parameters are ci = 0.1/0.9i, mi = 0.05 and n = 20. 
 
The centrifugal organization model 
 
It is known that heterogeneous environments support more kinds of species, which can be 
summarized by a centrifugal organization model (Keddy, 2017; Keddy and MacLellan, 1990).
Any landscape contains multiple productivity gradients (Figure 1.13), with each gradient 
controlled by a different limiting factor. At the high productivity end of each gradient (the core 
habitat), nutrients and water are sufficient for most species. In such productive environments, 
plants can easily form a closed canopy, where light becomes the limiting resource. At the low 
productivity end of each gradient, plant growth is limited by different factors, such as drought, 
low soil nitrogen or phosphorus, low or high PH, etc. Facing different limiting factors, plants 
have different kinds of adaptations. In contrast to the prediction by the dynamic equilibrium 
model or the n-species patch-occupancy model that species richness peaks at intermediate levels 
of productivity, it is habitats of low productivity that support the largest number of plant species 
from centrifugal model. Increases in productivity lead to the loss of peripheral species and 
convergence to a few common canopy-forming species at core habitats. This contrast arises 
because the predictions by centrifugal model are based on multiple productivity gradients. If we 
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focus on one specific productivity gradient (e.g. one arrow in Figure 1.11), species richness still 
peaks at intermediate levels productivity. 
 
 
 
Figure 1.11 The schematic diagram of centrifugal organization model from Keddy (2017). 
Productivity gradients (or biomass gradients) radiate outward from one core 
high-productivity habitat (the center). There are many different low-productivity 
peripheral habitats occupied by distinctive plant species. 
The neutral model 
 
Ronen and Yuval (2006) provided a neutral explanation (ecological equivalence of species and 
no trade-offs between species characteristics) for different relationships between species 
richness and productivity/disturbance. They modeled the dynamics of a local community 
(carrying capacity of J individuals) colonized by species from a regional species pool (S species) 
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consisting of four demographic processes: (i) mortality – the same probability mortality for each 
individual (d); (ii) reproduction – the same probability for each individual to have one offspring 
(r); (iii) immigration – a fixed number of individuals randomly drawn from the regional species 
pool (I) and each species had same probability being drawn; (iv) recruitment. If the number of 
potential colonizers (immigrants plus locally produced offspring) was lower than the number of 
vacant sites, all colonizers were added to the community. If the number of potential colonizers 
exceeded the number of vacant sites, individuals (equal to the number of vacant sites) were 
randomly drawn from the potential colonizers and added to the community. The number of 
recruitments from the ith species (Xi) followed a hypergeometric distribution with parameters of: 
the number of vacant sites (J-S(1-d)Nj), the number of individuals from all potential colonizers 
(SrNj+I), and the number of individuals from ith species in the pool of potential colonizers 
(rNj+I/S). Then the expected number of recruitments from ith species E(Xi) was: 
 . 
productivity and disturbance were introduced to the model by increasing the reproduction (pr) 
and mortality (d+d), respectively. Based on the above assumptions, the expected change in the 
abundance of the ith species (Ni) from time t to t+1 was given: 
. 
 
The model was a demographic formulation of the model of island biogeography (MacArthur 
and Wilson, 1967). The “island” (“local community” here), that receiving immigrants from an 
external “mainland” (regional species pool here), would reach a steady state number of species 
determined by the balance between local colonization and extinction rates. The model was 
“neutral” since all individuals had the same per capita demographic rates (Hubbell, 2001) and 
the same response to stress and disturbance (Kondoh, 2001). In contrast to Hubbell (2001)’s 
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“zero-sum” assumption (the local community was always saturated), this neutral model 
considered both saturated and unsaturated situations. At low levels of productivity and high 
levels of disturbance, communities were unsaturated. A decrease in productivity or an increase 
in disturbance would reduce the mean number of individuals per species, resulting in a higher 
probability of stochastic extinction and a low species richness – the “more individuals 
hypothesis” (Srivastava and Lawton, 1998). At high levels of productivity and low levels of 
disturbance, local communities were saturated. An increase in productivity or a decrease in 
disturbance would increase the number of offspring produced by local species, which reduced 
the relative frequency of immigrants from the pool of potential colonizers and decreased species 
richness – the “dilution effect”. This neutral model predicted the similar patterns for variation 
of species richness along the gradients of productivity and disturbance (Figure 1.12), as 
predicted by the dynamic equilibrium model (Huston, 1979; Huston, 1994) and n-species patch-
occupancy model (Kondoh, 2001). However, the differences between species and tradeoffs did 
not exist in the neutral model, and thus were not necessary to generate the spatial pattern of 
species richness along gradients of productivity and disturbance. In other words, pattern of 
variation of species richness along gradients of productivity and disturbance cannot distinguish 
between the deterministic and stochastic processes of community assembly. Therefore, I 
incorporated the functional niche occupancy in order to understand the determinants diversity-
stress/disturbance relationships in Chapter 3. 
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Figure 1.12 Effects of productivity and disturbance on species richness based on n-species 
patch-occupancy model. Parameters: mortality rate d=0.1, reproduction rate 
r=0.1, species richness in regional species pool S=200, local community size 
J=40,000, number of immigrants I=8, productivity levels ranged from 2 to 7, 
disturbance levels ranged from 0.0 to 0.3.  
. 
Plant succession 
 
Time is important but easily overlooked in ecology. It takes time to for individual plants to grow, 
it takes time for competition exclusion occur, it takes time to turn atmospheric carbon into coal, 
etc. The processes that ecologists observe and interpret depend on the time scale they investigate 
(Figure 1.13). 
 
 
Figure 1.13 Time (vertical axis) and space (horizontal axis) organize a large number of 
processes including the environmental disturbance regimes, biotic responses and 
vegetational patterns, from Delcourt and Delcourt (1988).  
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In my thesis, I focused on time scales of 100 to 103 years at which ecological succession happens. 
Plant succession refers to the sequence of changes in vegetation that occurs after a site is 
disturbed. If the disturbance is severe (e.g. the soil and propagules are destroyed), a much longer 
time is required because the soil must be reestablished and the propagules may have to invade 
from distant sources. This long process is called primary succession, such as sand dunes 
becoming forest (Walker et al., 1981), shallow water becoming a peat bog (Dansereau and 
Segadas-Vianna, 1952), etc. If the disturbance is minor (e.g. the soil and buried propagules 
remain), the recovery of vegetation is fast. This rapid process is called secondary succession, 
such as forest succession after fire (Heinselman, 1981), occupancy of empty patches caused by 
rodents in alpine meadows (Yang et al., 2017), etc. It is likely that few simple mechanisms 
underlie most successional trends. In this section, I simply review deterministic and historically 
contingent views of plant succession (Figure 1.14). 
 
 
Figure 1.14 Deterministic and historically contingent views of plant succession. The 
deterministic view claims that local communities experiencing the same 
environments should converge to a single stable equilibrium, irrespective of the 
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historical sequence of species entering the locality (priority effects). The single 
stable equilibrium is determined by the regional species pool and the local 
environmental conditions, and thus local communities experiencing different 
environmental conditions should converge to different equilibria. The 
historically contingent view acknowledges the importance of historical 
contingency during the process of species’ arrival, which may dramatically affect 
the final community composition, and lead to a divergence of community 
structure among localities (multiple stable equilibria) even experiencing the same 
environmental conditions. 
 
 
The deterministic view 
 
Cowles (1899), first developed a formal concept of succession, by studying the vegetation 
development on sand dunes on the shores of Lake Michigan. He recognized that vegetation on 
dunes of different ages might be interpreted as different stages of a general trend of vegetation 
development on dunes. He formulated the notion of a sere – a repeatable sequence of community 
changes specific to particular environmental circumstances. This idea was developed by 
Clements (1916; 1936), who wrote: “The developmental study of vegetation necessarily rests 
upon the assumption that the unit or climax formation is an organic entity. As an organism the 
formation arises, grows, matures, and dies. Furthermore, each climax formation is able to 
reproduce itself, repeating with essential fidelity the stages of its development.” The community 
was literally a superorganism, that species were its organs and succession its ontogeny. The 
seres were highly predictable and deterministic, and communities would converge to a climate 
climax regardless of starting conditions. The processes of succession would overcome the 
effects of differences in topography, parent material of the soil and other factors, thus leading a 
uniform climax.  
 
The historically contingent view 
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Gleason (1926) promulgated his individualistic concept of plant succession, arguing against the 
extreme deterministic view of his contemporary – Frederick Clements. Gleason argued that “An 
association is not an organism, scarcely even a vegetational unit, but merely a coincidence. The 
development and maintenance of vegetation is therefore merely the resultant of the development 
and maintenance of the component individuals, and is favored, modified, retarded, or inhibited 
by all causes which influence the component plants.” The Gleasonian view differed 
fundamentally from the Clementsian view in suggesting a much greater role for stochastic 
factors and in denying the existence of coherent, sharply bounded communities. The species 
responded individually to environmental factors, and communities were best regarded as 
artifacts of the juxtaposition of species distributions. However, Clements never responded in 
print to Gleason’s objections, and the individualistic concept was largely ignored until the 1950s, 
when research by a number of ecologists supported the Gleasonian view. The subsequent island 
biogeographic theory (MacArthur and Wilson, 1967) and neutral theory (Hubbell, 1979; 
Hubbell, 2001) based on the Gleasonian view, have become prevalent in community ecology. 
 
Objectives 
 
The general objective of this thesis is to explore the structure and dynamics of functional space 
occupancy long spatial and temporal gradients. Specifically, we try to address the following 
questions: 
i. How do the patterns of functional niche occupancy, quantified with three 
fundamental metrics (the total functional volume, the functional overlap between 
species and the average functional volume per species), vary along species richness 
gradient at global (Chapter 2) and local scales (Chapter 3)? 
ii. What are processes determining the patterns of functional niche occupancy across 
plant communities worldwide (Chapter 2)? 
iii. What are mechanisms generating the observed relationships between species 
richness and stress/disturbance through a functional lens? (Chapter 3) 
iv. Can CSR theory, in conjunction with a globally calibrated CSR ordination using only 
three easily measured leaf traits (leaf area, specific leaf area and leaf dry matter 
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content), predict the functional signature of herbaceous vegetation along 
experimentally manipulated gradients of stress and disturbance? (Chapter 4) 
v. When does assembly history (the sequence of species entering the local community) 
play significant role determining community structure during plant successions? 
(Chapter 5) 
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Chapitre 2  
- 
HABITAT FILTERING DETERMINES FUNCTIONAL NICHE OCCUPANCY OF PLANT 
COMMUNITIES WORLDWIDE 
 
 
Description de l’article et contribution 
 
In this Chapter, we quantified three key niche occupancy components (the total functional 
volume, the functional overlap between species and the average functional volume per species) 
by incorporating intraspecific trait variability, and investigated the relationships between the 
niche occupancy metrics and species richness at global scale. As species richness increased, 
communities were more functionally diverse (an increase in the total functional volume), and 
species overlapped more within the community (an increase in the functional overlap) but did 
not more finely divide the functional space (no decline in the average functional volume). By 
comparing to the null models, we found that habitat filtering was a widespread process driving 
the pattern of functional niche occupancy across plant communities. This paper provides a 
global perspective of functional niche occupancy and has been accepted for publication in the 
Journal of Ecology. 
 
I collated the pre-existing data sets, conducted the statistical tests and wrote the paper.  Bill 
Shipley guided me in the statistical analyses and contributed to the writing. The remaining 
authors contributed data and contributed to varying degrees in the writing of the paper. 
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Summary 
 
1. How the patterns of niche occupancy vary from species-poor to species-rich communities is 
a fundamental question in ecology that has a central bearing on the processes that drive patterns 
of biodiversity. As species richness increases, habitat filtering should constrain the expansion 
of total niche volume, while limiting similarity should restrict the degree of niche overlap 
between species. Here, by explicitly incorporating intraspecific trait variability, we investigate 
the relationship between functional niche occupancy and species richness at the global scale. 
 
2. We assembled 21 datasets worldwide, spanning tropical to temperate biomes and consisting 
of 313 plant communities representing different growth forms. We quantified three key niche 
occupancy components (the total functional volume, the functional overlap between species and 
the average functional volume per species) for each community, related each component to 
species richness, and compared each component to the null expectations. 
3. As species richness increased, communities were more functionally diverse (an increase in 
total functional volume), and species overlapped more within the community (an increase in 
functional overlap) but did not more finely divide the functional space (no decline in average 
functional volume). Null model analyses provided evidence for habitat filtering (smaller total 
functional volume than expectation), but not for limiting similarity (larger functional overlap 
and larger average functional volume than expectation) as a process driving the pattern of 
functional niche occupancy. 
 
4. Synthesis. Habitat filtering is a widespread process driving the pattern of functional niche 
occupancy across plant communities and coexisting species tend to be more functionally similar 
rather than more functionally specialized. Our results indicate that including intraspecific trait 
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variability will contribute to a better understanding of the processes driving patterns of 
functional niche occupancy. 
 
Keywords 
 
community assembly, habitat filtering, limiting similarity, niche occupancy, species richness, 
intraspecific trait variability, determinants of plant community diversity and structure 
 
Introduction 
 
Understanding the processes that drive the assembly of local communities from a regional 
species pool has been a fundamental goal in ecology for decades (Diamond 1975; Ricklefs & 
Travis 1980; Keddy 1992; Weiher & Keddy 1999; Hubbell 2001; Kraft et al. 2008; Jung et al. 
2010). Recent advances suggest that variation in the patterns of biodiversity results from 
multiple assembly processes varying in relative importance (Maire et al. 2012; Spasojevic & 
Suding 2012; Takahashi & Tanaka 2016). For instance, niche-based processes such as habitat 
filtering (Keddy 1992; Diaz et al. 1998) and limiting similarity (MacArthur & Levins 1967) 
may be the main determinants of biodiversity in some communities, while stochastic processes 
(Hubbell 2001) may dominate in others. One classical approach for assessing the relative 
importance of different assembly processes involves mapping all species of a community onto 
an n-dimensional niche space (Hutchinson 1957), quantifying the niche occupancy structure, 
and investigating how it varies from species-poor to species-rich communities (Hutchinson 
1978; Litvak & Hansell 1990). However, this approach has been hindered by the practical 
limitations of measuring resource niche axes for a large number of species in natural 
communities. 
 
Trait-based ecology offers an alternative approach for investigating niche occupancy structure 
in functional space (Mouillot et al. 2005; Mason et al. 2011). An n-dimensional functional space 
is defined analogously to Hutchinson’s (1957) n-dimensional niche space, except that the axes 
represent functional traits rather than resources (Rosenfeld 2002). The vector of n trait values 
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possessed by a single individual defines its position in this functional space and the projection 
of all individuals of a species represents the functional volume occupied by this species. When 
all species of a community are mapped onto the functional space, the functional niche occupancy 
structure of the community can be described by three metrics (Figure 1.6b): the total functional 
volume of the community (T), the functional overlap between species within the community (O) 
and the average functional volume per species (A). There is an underlying relationship (the 
derivation is given Appendix A1), given here for the first time, between species richness (S) and 
the three niche occupancy metrics:  
. 
This equation is a mathematical identity (is true by definition), not an empirical hypothesis that 
requires testing. The importance of the equation is that it not only specifies the logically possible 
responses of the niche occupancy metrics as species richness increases, but also makes explicit 
the fact that all three components of niche occupancy (T, O and A) must be quantified in order 
to completely explain variation in species richness (Figure 1.6). 
 
Even though the equation applies to communities driven by any assembly process, different 
responses of the three metrics to species richness may reveal the relative importance of different 
community assembly mechanisms (Figure 2.1): (a) neutrality, (b) habitat filtering, (c) limiting 
similarity, and (d) a combination of habitat filtering and limiting similarity. Neutral theory 
assumes functional equivalence of species (Hubbell 2001), and thus the pattern of functional 
niche occupancy in observed communities should be similar to that obtained by randomly 
assigning species from the regional species pool to local communities (Figure 2.1a). As species 
are randomly sampled, some species would overlap with the pre-existing ones while others 
would fill empty space, resulting in increases T and O, and without changes in A (Figure 2.1a). 
Habitat filtering excludes species with inappropriate trait combinations for given abiotic and 
biotic conditions, leading to trait convergence (Keddy 1992; Diaz et al. 1998). Here, we used a 
broad definition of habitat filtering, including both abiotic and biotic (e.g. competitive 
displacement) filters, because these processes often lead to similar patterns of functional niche 
occupancy (Kunstler et al. 2012). Limiting similarity reduces the likelihood of co-occurrence of 
 
S = T +O
A
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species that overlap too much in their niche occupancy, leading to trait divergence (MacArthur 
& Levins 1967; Stubbs & Bastow 2004; Jung et al. 2010). If habitat filtering prevails in 
communities (Figure 2.1b), T should be smaller than the null (neutral) expectation, while O and 
A could be larger or smaller than the null expectations, as they together satisfy Equation 1. If 
limiting similarity prevails in communities (Figure. 2.1c), then O should be smaller than the null 
expectation, while T and A could be larger or smaller than the null expectations, as long as they 
together satisfy Equation 1. Finally, if habitat filtering and limiting similarity jointly drive the 
functional niche occupancy (smaller T and O than the null expectations), then species should on 
average occupy smaller functional volume to satisfy Equation 1 (Figure 2.1d). 
 
 
Figure 2.1 Predicted patterns of functional niche occupancy under different processes of 
community assembly: (a) pure neutral process, (b) only habitat filtering, (c) only 
limiting similarity, (d) both habitat filtering and limiting similarity. Different 
coloured circles represent the functional volumes occupied by different species 
within a community. Grey dashed and red solid lines represent relationships 
between niche occupancy metrics (T, O and A) and species richness (S) for null 
and observed communities, respectively. T for total functional volume, O for 
functional overlap, A for average functional volume. 
 
No study, to our knowledge, has empirically measured all three components of niche occupancy 
by incorporating intraspecific trait variability in natural communities. Early studies investigated 
the relationship between niche occupancy in morphological space and species richness for 
animal communities containing a few species (reviewed by Ricklefs & Miles 1994). Most of 
these studies found a positive relationship between the morphological volume (similar to T) and 
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species richness, and a non-significant relationship between the degree of niche packing and 
species richness (reviewed in Ricklefs & Miles 1994; but see Ricklefs 2009). Recently, 
Lamanna et al. (2014) and Swenson and Weiser (2014) investigated functional niche occupancy 
for tree communities and found that the total functional volume (T) increased with species 
richness but was always lower than the null expectation, which was consistent with habitat 
filtering (Figure 2b). Swenson and Weiser (2014) further pointed out that the degree of niche 
packing increased with increasing species richness, but species were less packed in functional 
space than the null expectation, suggesting limiting similarity. Despite the progress made by 
these studies (Ricklefs & Miles 1994; Lamanna et al. 2014; Swenson & Weiser 2014), no study 
has included intraspecific trait variability (necessary for the estimation of O and A) and 
explicitly measured all three niche occupancy components. Instead, each species was 
positioned, by its mean trait values, as single point in functional space (Figure 1.6a; Ricklefs & 
Miles 1994; Lamanna et al. 2014; Swenson & Weiser 2014). The functional volume was only 
calculated for an entire community (Figure1b) but not for individual species within a community 
(Figure 1.6a). In this approach, it was not possible to tell whether species overlapped more 
within the community and/or more finely divided the functional space as species richness 
increased (Ricklefs & Miles 1994; Swenson & Weiser 2014). Moreover, these vegetation 
studies (Lamanna et al. 2014; Swenson & Weiser 2014) have investigated niche occupancy only 
for tree communities. Therefore, more comprehensive studies, involving herbaceous and shrub 
communities, are necessary in order to understand the generality of global mechanisms of 
community assembly. 
 
In the present study, we assembled 21 datasets from across the world consisting of 313 plant 
communities for which information on intraspecific trait variability was available. These plant 
communities spanned tropical to temperate terrestrial biomes and covered a variety of growth 
forms (e.g. trees, shrubs, herbs). We quantified the functional spaces using pair-wise 
combinations of nine of the most common traits across all datasets. We then used the 
hypervolume method (Blonder et al. 2014) to calculate the niche occupancy metrics for all 
communities in the nine functional spaces. Finally, we related each metric to species richness, 
	 45	
and compared them to the null expectation to test hypotheses of community assembly (Figure 
2.1). 
 
Materials and methods 
 
Data collection 
 
To estimate the functional niche occupancy metrics, we assembled datasets from published and 
unpublished studies on the basis of the following requirements (Table A1): (1) multiple traits 
were measured on the same plant individual, so that each individual could be placed in a 
functional space with its trait values as coordinates; (2) traits were measured for several 
individuals of a species (median of 10 individuals per species, Table A3) to estimate the 
functional volume occupied by each species; (3) traits were measured for all the dominant 
species of a community (more than 60% of total species richness was sampled, or more than 
80% of total community abundance was represented by the sampled species, Table A3) to 
quantify the community niche occupancy. Therefore, species richness here refers to the number 
of species with available trait values included in the analyses (the effective species richness, 
Lamanna et al. 2014). Overall, we collected 21 datasets that met the above criteria (Table A1). 
Each dataset was located within a given geographical region and contained more than one 
community within the same region. A community was defined as the sampling unit (e.g. a 
quadrat or a plot) used within each dataset. However, we combined several neighbouring 
sampling units (e.g. within the same stratum, same transect or same site) as a combined 
community when the traits were not measured per sampling unit but at larger scale, or when a 
dataset included many rare species per sampling unit (Table A3). In total, our analyses were 
based on 313 communities spanning temperate to tropical biomes (Figure A1) nested within the 
21 datasets. Only the nine most common (out of 32) traits were included in the analyses 
(vegetative height, VH; specific leaf area, SLA; leaf dry matter content, LDMC; leaf area, LA; 
leaf carbon concentration, LCC; and leaf nitrogen concentration, LNC; specific stem density, 
SSD; bark thickness, BT; diameter at ground/breast level, DGH). All trait values were log-
transformed to better approximate normality, and then standardized to have zero mean and unit 
	 46	
standard deviation (SD) to make the functional volume metrics comparable across analyses 
(Lamanna et al. 2014). 
 
Quantifying the functional niche occupancy metrics within a community 
 
The functional volume of a single species can be estimated from a set of points (individuals of 
that species within a community are positioned in the functional space on the basis of their trait 
values) using a non-parametric method based on kernel density estimation (Stine & Heyse 
2001). This approach has been applied to quantify niche breadth and niche overlap in one-
dimensional space (Mouillot et al. 2005; Mason et al. 2011), and was extended to multi-
dimensional space by Blonder et al. (2014). In the present study, each hypervolume (functional 
volume of a species) was constructed using a quantile threshold of 0.05, 1000 Monte Carlo 
samples per data point, and a fixed kernel bandwidth of 0.5SD (Blonder et al. 2014; Lamanna 
et al. 2014). Details about the parameter settings of the hypervolume method is given in 
Appendix A2. We also tested another fixed kernel bandwidth (the median intraspecific trait 
variation): both bandwidths gave similar results; we only report the results using bandwidth of 
0.5SD. 
 
After calculating the functional volume of each species within a community, the three niche 
occupancy components were quantified (Litvak & Hansell 1990). Total functional volume (T) 
was quantified as the union of all individual functional volumes, functional overlap (O) was 
quantified as the sum of the intersections among the functional volumes of individual plants 
weighted by the level of the intersection (i.e. the number of species occupying the same 
functional space) and average functional volume per species (A) was calculated as the mean of 
the functional volume of all species (Figure1a). The mathematical formulas for calculating the 
niche occupancy metrics are given in Appendix A1. The convex hull method has also been used 
to quantify functional volumes (Cornwell et al. 2006; Swenson & Weiser 2014). However, the 
convex hull method is relatively more sensitive to outliers than the hypervolume method (see 
an example in Appendix A2) and is unable to calculate the union of multiple (more than 10) 
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convex hulls (Baselga & Orme 2012), and thus was not applicable for our study. A detailed 
comparison of different ways of estimating the niche volumes is given in Appendix A3. 
 
A larger number of individuals per species are required to achieve a robust estimate of species’ 
functional volume in high-dimensional functional space (Blonder et al. 2014). To better estimate 
species’ functional volume and to allow the inclusion of more datasets, we restricted our 
analyses to two-dimensional functional spaces (LDMC ~ SLA, LA ~ SLA, SLA ~ VH, LDMC 
~ VH, LA ~ LDMC, LA ~ VH, SSD ~ BT, SSD ~ DGH, LCC ~ LNC). The niche occupancy 
metrics were quantified for each community in each functional space. 
 
Regressions and null model analyses 
 
Linear mixed-effects models, using the “nlme” package in R (Pinheiro et al. 2017), were used 
to investigate the relationships between the niche occupancy metrics and species richness, while 
taking into account the variation of intercepts and slopes between datasets. In each case, we 
regressed a niche occupancy metric on species richness allowing for random variation in 
intercepts and allowing for random variation in slopes if it significantly improved the fit of the 
model. 
 
We constructed null models to test whether the observed metrics (T, O and A) in each 
community were significantly different from the null expectations. The null models were built 
in five steps (see the R codes in Appendix A4). (i) For each community, we first defined its 
“regional” species pool as consisting of all the species occurring in the dataset to which the 
community belonged. We did not use a “global” species pool (all species occurring across 
datasets) because there is no doubt that trait filtering at large biogeographical scales occurs (e.g. 
vegetative height is lower in grasslands than in forests), and limiting similarity due to biological 
interactions is only expected to occur between species that can potentially coexist. (ii) Given a 
community containing x species and t traits, we randomly selected x species from the regional 
species pool for which the t traits were measured (not all species in the regional species pool are 
available for the t traits). (iii) For each selected species, we randomly selected a community 
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from the regional species pool containing that species (most species were present in more than 
one community) and assigned the t traits of the individuals from the selected community to the 
species (the functional volume of a species in a null community was also estimated by the t traits 
of individuals from one community). (iv) For each null community (the x randomly selected 
species and randomly assigned t traits for each selected species), we calculated the functional 
volume of each selected species and the three niche occupancy metrics. (v) We repeated steps 
(ii)-(iv) 1000 times to generate a null distribution of communities for each metric. Finally, to 
determine whether the observed metrics for each community were greater or smaller than the 
null expectation, we calculated the standardized effect size (SES) as the observed metric minus 
the mean of the null distribution divided by the standard deviation of the null distribution. A 
Wilcoxon signed-rank test was used to test whether the SES value of each metric was 
significantly different from zero. A positive SES value indicates that the observed metric is 
larger than the null expectation while a negative SES value indicates that the observed metric is 
smaller than the null expectation. All analyses were conducted in R (R Core Team 2014). 
 
Results 
 
In the nine two-dimensional functional spaces, both the total functional volume (T) and the 
amount of overlap between coexisting species (O) increased with increasing species richness 
(S), while the average functional volume per species (A) did not vary significantly or weakly 
increased with S (Table 2.1 and Figure 2.2). The increasing rates (slopes) of T~S and O~S varied 
significantly between datasets in most cases (Table 2.1). T was generally smaller than the null 
expectation across different communities, although not significantly so in three out of nine 
functional spaces (Figure 2.3a). Both O and A were larger than the null expectations, but were 
not significant in the two functional spaces quantified by stem traits (BT~SSD and DGH~SSD, 
Figure 2.3b and 2.3c). 
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Table 2.1 Linear mixed-effects models for relationships between niche occupancy metrics 
(T, O and A) and species richness (S). In each model, random variation in 
intercept between datasets was allowed and random variation in slope was 
included if it significantly improved the model (p<0.05). Numbers in brackets 
are the standard deviations of slopes between datasets if applicable. Pearson 
correlation coefficients were measured between the pair of traits used for the axes 
of each functional space. Columns “Datasets” and “Communities” give the 
number of datasets and communities available for each trait combination, 
respectively. T for total functional volume, O for functional overlap, A for 
average functional volume. Traits abbreviations: vegetative height (VH), specific 
leaf area (SLA), leaf dry matter content (LDMC), leaf area (LA), leaf carbon 
concentration (LCC), leaf nitrogen concentration (LNC), specific stem density 
(SSD), bark thickness (BT), diameter at ground/breast level (DGH). 
 
Functional 
spaces Correlations Datasets Communities 
T O A 
Slope P-value Slope P-value Slope P-value 
SLA~LDMC -0.547 17 239 0.341 (0.262) <0.001 2.331 (0.948) <0.001 0.012 0.213 
LA~SLA 0.033 14 198 0.263 (0.078) <0.001 2.208 (0.656) <0.001 0.016 0.01 
VH~SLA -0.277 14 160 0.228 (0.088) <0.001 2.155 (0.494) <0.001 0.004 0.06 
VH~LDMC 0.51 12 157 0.265 (0.121) <0.001 2.257 (0.672) <0.001 0.006 0.032 
LA~LDMC 0.389 10 130 0.342 (0.152) <0.001 2.326 (0.822) <0.001 0.016 0.093 
VH~LA 0.752 11 127 0.105 <0.001 1.729 (0.284) <0.001 0.002 0.21 
SSD~BT -0.019 3 44 0.232 <0.001 3.056 <0.001 0.015 <0.001 
SSD~DGH 0.024 3 44 0.273 (0.212) 0.04 3.152 <0.001 0.012 <0.001 
LCC~LNC -0.683 4 28 0.083 <0.001 1.47 <0.001 0.001 0.745 
 
	 50	
 
Figure 2.2 Scatter plots showing the relationships between niche occupancy metrics (T, O 
and A) and species richness (S) in two representative functional spaces (VH~SLA 
and LCC~LNC). The regression lines are fitted with the average slope and 
intercept between datasets (Table 1). T for total functional volume, O for 
functional overlap, A for average functional volume. Trait abbreviations: 
vegetative height (VH); specific leaf area (SLA), leaf carbon concentration 
(LCC), and leaf nitrogen concentration (LNC). 
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Figure 2.3 Standard effect sizes (SES) of total functional volume of an entire community 
(T), the functional overlap between species (O), and the average functional 
volume per species (A) in the nine functional spaces. Abbreviations: vegetative 
height, VH; specific leaf area, SLA; leaf dry matter content, LDMC; leaf area, 
LA; leaf carbon concentration, LCC; and leaf nitrogen concentration, LNC; 
specific stem density, SSD; bark thickness, BT; diameter at ground/breast level, 
DGH. The red line shows the null expectation and the symbols indicate the 
significance level of Wilcoxon signed-rank tests (*** for p<0.001, ** for p<0.01, 
* for p<0.05). 
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Discussion 
 
Our study addresses a longstanding and fundamental question in ecology: how the pattern of 
functional niche occupancy varies from species-poor to species-rich communities (Hutchinson 
1978). Overall, we found that the total functional volume expanded and the functional overlap 
increased with increasing species richness, while the average functional volume did not change 
significantly. Variation in intercepts and slopes between datasets is likely to reflect differences 
in the community size and the trait-sampling effort between datasets, as well as differences in 
other variables such as vegetation type. However, these different sources of variation cannot 
actually be separated here and need to be investigated in future studies that are based on a more 
systematic sampling design. 
 
The increase in total functional volume implied that communities were more functionally 
diverse in species-rich communities than in species-poor communities. However, the expansion 
of the total functional volume associated with increasing species richness was constrained and 
thus lower than the null expectation across communities (Figure 2.3a), suggesting habitat 
filtering as found in previous studies (Lamanna et al. 2014; Swenson & Weiser 2014). In other 
words, although larger functional volumes were occupied as species richness increased, species 
were still tightly packed in functional space relative to the neutral expectation. Curiously, 
regressions between the standardized effect size (SES) of total functional volume and species 
richness indicated that, species were more tightly packed (habitat filtering was stronger) in 
species-rich communities than species-poor communities (SES_T < 0 and decreased with S, 
Figure 2.3a and Table A2). In our study, habitat filtering was not attributed to large-scale 
biogeographic factors such as climate differences, because the species pool used in our null 
model only included species that occurred within the same geographical region. To know what 
and how environmental factors (e.g. soil fertility, water availability or disturbance regimes) 
drive habitat filtering and the pattern of functional niche occupancy (Le Bagousse-Pinguet et al. 
2017), requires future studies by investigating how the pattern of functional niche occupancy 
varied along the environmental gradients. 
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Because intraspecific trait variability was included in our study, we were able to address a 
previously unanswered question: do species overlap more within the community and/or more 
finely divide the functional space as species richness increases? We found an increase in 
functional overlap but no decline in average functional volume with increasing species richness, 
indicating that species overlapped more rather than more finely divided the functional space. 
Moreover, the greater functional overlap (Figure 2.3b) and the larger average functional volume 
(Figure 2.3c) than the null expectation both suggest that limiting similarity (MacArthur & 
Levins 1967) is not a fundamental processes regulating the pattern of functional niche 
occupancy at the considered spatial scales used here. Instead, our results suggest that habitat 
filtering alone determines the functional niche occupancy of the studied plant communities 
worldwide (Figure 2.1b). 
 
Our results are based on the largest and most representative collection of available datasets to 
date, but there are some limitations that should be addressed in future studies as more extensive 
datasets become available. First, some habitats (e.g. tundra, desert, and boreal sites) were not 
included or were underrepresented in our datasets. Second, although our analysis included traits 
that covered key plant-strategy axes (Wright et al. 2004; Díaz et al. 2016), several types of traits 
(e.g. secondary compounds, root, phenological and seed traits) reflecting other potentially 
important functional axes (Ricklefs & Marquis 2012) on which species might be divergent, were 
not considered. In addition, analyses were restricted to two-dimensional functional spaces 
(pairwise traits combination) because estimating species’ functional volume in high-
dimensional space requires larger sample size per species (Blonder et al. 2014). Third, trait 
sampling efforts (e.g. the percentage of species and number of individuals per species sampled, 
Table A3) were not consistent across studies. Hence the influence of rare species (Umana et al. 
2015) and the influence of trait sample size (Appendix A3) on functional niche occupancy could 
not be determined in our study. Finally, the spatial scale of communities varied among datasets 
and, in some cases, might not be fine enough to detect neighbourhood scale patterns of niche 
differentiation resulting from limiting similarity (de Bello et al. 2013), especially for the 
combined communities. 
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A perspective on functional niche occupancy that incorporates intraspecific trait variability 
provides new insights into community assembly and extends the generality of previous findings 
to the global scale (Lamanna et al. 2014; Swenson & Weiser 2014). We propose that, after 
habitat filtering has excluded poorly adapted species from a plant community, the remaining 
species coexist because they are more functionally similar, rather than because they are more 
functionally specialized. 
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Chapitre 3  
- 
HABITAT FILTERING DETERMINES THE PATTERNS OF FUNCTIONAL NICHE 
OCCUPANCY AND PLANT SPECIES RICHNESS ALONG EXPERIMENTAL 
GRADIENTS OF STRESS AND DISTURBANCE 
 
 
Description de l’article et contribution 
 
This Chapter is based on the framework of the Chapter 2, linking the patterns of functional niche 
occupancy and the dynamic equilibrium model, to understand the process of community 
assembly determining the variation of species richness along gradients of stress and disturbance. 
This idea is tested on an experimental system consisting of 24 mesocosms under different levels 
of stress and disturbance. This Chapter and Chapter 2 are mirrors of each other, and provide a 
more comprehensive picture of functional niche occupancy: both the total functional niche 
volume and the average functional niche volume increase with species richness, while the 
average functional volume does not change significantly. I addition, this paper succeeds in 
linking the pattern of functional niche occupancy and the dynamic equilibrium model to test the 
processes of community assembly. Habitat filtering was the dominant process determining the 
pattern of functional niche occupancy and species richness along the gradients stress and 
disturbance. 
 
The original experimental system was set up and maintained by Bill Shipley in 2009. I 
conducted all of the experimental manipulations and measured the traits, I did the statistical 
analyses and wrote the paper, with input from Bill Shipley. This Chapter has been submitted for 
publication. 
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Habitat filtering determines the patterns of functional niche occupancy and plant species 
richness along experimental gradients of stress and disturbance 
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Summary 
 
1. The effects of environmental stress (external abiotic constraints limiting biomass production) 
and disturbance (events causing partial or total biomass destruction) on species richness have 
been widely explored, however, we know little about how the pattern of niche occupancy varies 
along gradients of stress and disturbance. We linked the patterns of functional niche occupancy 
and the dynamic equilibrium model (DEM) to investigate the processes of community assembly 
determining species richness along the gradients stress and disturbance. 
 
2. We constructed an experimental system consisting of 24 mesocosms under three levels of 
stress and four levels of disturbance. An initial mixture of 30 herbaceous species was planted in 
the mesocosms in 2009. Ten traits were measured on five individuals for each species in each 
mesocosm in 2014. We quantified three key niche occupancy metrics (total functional volume, 
functional overlap between species and average functional volume per species) for each 
mesocosm in a two-dimensional PCA functional trait space for each mesocosm. We tested the 
effects of stress and disturbance on species richness and the three metrics, investigated the 
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relationships between each metric and species richness, and compared each metric to the neutral 
expectations. 
 
3. Species richness increased monotonically with disturbance at low and medium levels of stress 
but peaked at medium level of disturbance when stress was high, consistent with predictions of 
the DEM. Only functional overlap changed significantly along the gradients of stress and 
disturbance and followed the similar pattern of variation for species richness, indicating that 
species richness increased mainly by adding species to pre-occupied functional space. 
 
4. We found no evidence for environmental filtering, probably due to the absence of sufficiently 
high levels of stress and disturbance in our study. Habitat filtering, rather than limiting 
similarity, determined the pattern of functional niche occupancy and species richness along the 
gradients of stress and disturbance. 
 
5. Synthesis. Our study succeeded in linking the pattern of functional niche occupancy and the 
DEM to test the processes of community assembly. Habitat filtering was the dominant process 
determining the pattern of functional niche occupancy and species richness along the gradients 
stress and disturbance.  
 
Keywords 
 
habitat filtering, limiting similarity, functional niche occupancy, species richness, dynamic 
equilibrium model, determinants of plant community diversity and structure 
 
Introduction 
 
Ecologists have long recognized the spatial variability of biodiversity at both large 
biogeographical and small local scales (Grime 1973; Connell 1978; Currie & Paquin 1987), 
however, the mechanisms responsible for the biodiversity patterns remain unresolved (Huston 
1994; Currie et al. 2004; Ronen & Yuval 2006; Mittelbach et al. 2007). At local scales, the 
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effects of environmental stress (external abiotic constraints limiting biomass production) and 
disturbance (events causing partial or total biomass destruction) on plant biodiversity and the 
underlying mechanisms linking them have been debated for decades without resolution (Grime 
1973; Connell 1978; Huston 1979; Huston 1994; Ronen & Yuval 2006; Fox 2013; Huston 
2014). 
 
The relationship between species richness and stress/disturbance was originally described as 
unimodal (Grime 1973; Connell 1978), and this unimodal relationship (the well-known Hump-
backed Diversity Productivity Curve and the Intermediate Disturbance Hypothesis) was often 
supported in later studies (Flöder & Sommer 1999; Molino & Sabatier 2001; Chase & Leibold 
2002). The dynamic equilibrium model that included interactions between stress and 
disturbance (Huston 1979; Huston 1994), predicted more complicated relationships between 
species richness and stress/disturbance (i.e. positive monotonic, negative monotonic or 
unimodal, Figure 1.9), and all these relationships have been reported in empirical studies 
(Shipley et al. 1991; Waide et al. 1999; Mittelbach et al. 2001). Moreover, the dynamic 
equilibrium model provided a niche-based explanation for the empirical relationships between 
species richness and stress/disturbance based on the trade-off between competitive ability and 
tolerance to stress/disturbance (Huston 1979; Huston 1994). The decline in species richness was 
due to competitive exclusion at low levels of stress and disturbance, while the decline in species 
richness was due to the inability of populations recover from high mortality rates at high levels 
of stress and disturbance (Figure 1.9). Alternatively, Ronen and Yuval (2006) provided a neutral 
explanation (ecological equivalence of species and no trade-offs between species 
characteristics) for different relationships between species richness and stress/disturbance. 
Therefore, the empirical relationships between species richness and stress/disturbance alone 
cannot distinguish between niche-based or neutral processes of community assembly. 
 
Investigating the patterns of how species within a community occupy niche space (Hutchinson 
1957), and how the pattern niche occupancy varies from species-poor to species-rich 
communities, can provide insights into the processes of community assembly and the 
mechanisms of species coexistence (Hutchinson 1978; Giller 1984). Community niche 
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occupancy has been widely studied from both theoretical (MacArthur & Levins 1967; Rogers 
1977; Rappoldt & Hogeweg 1979; Litvak & Hansell 1990) and empirical perspectives (Ricklefs 
& Travis 1980; Ricklefs & Miles 1994; Ricklefs 2012; Lamanna et al. 2014; Swenson & Weiser 
2014; Loranger et al. 2016). In empirical studies, niche occupancy was usually explored in 
functional space (hence functional niche occupancy), where the axes represent functional traits 
rather than environmental variables (Rosenfeld 2002; Violle & Jiang 2009). Recently, Li et al. 
(2017) proposed a new framework of quantifying the pattern of functional niche occupancy with 
three fundamental niche occupancy metrics: the total functional volume of the community (T), 
the functional overlap between species (O) and the average functional volume per species (A). 
More importantly, they gave a simple mathematical identity: 
 
linking species richness (S) and the three functional niche occupancy metrics (T, O and A), 
which can apply to communities driven by any process of community assembly. 
In their study, Li et al. (2017) tested the relationships between the niche occupancy metrics and 
species richness at global scale, and found that both T and O increased with increasing S while 
A did not change significantly. Moreover, the observed patterns of functional niche occupancy 
from species-poor to species-rich communities were mainly determined by habitat filtering. 
Although the conclusions were based on a large data collection worldwide, there were several 
limitations can only be addressed using a controlled experimental study. First, the spatial size 
of the local communities and trait-sampling effort varied greatly between datasets and their 
effects on the pattern of functional niche occupancy were difficult to estimate. For instance, the 
absence of evidence for limiting similarity was possibly because the spatial size of the local 
communities was not fine enough to detect neighbourhood scale patterns of niche differentiation 
(de Bello et al. 2013). Second, Li et al. (2017) did not provide any information about 
environmental factors generating the species richness gradient and the patterns of functional 
niche occupancy. 
 
In the present study, we applied the method developed by Li et al. (2017) to a local experimental 
system containing 24 mesocosms (1m2) along controlled gradients of stress and disturbance. 
 
S = T +O
A
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Ten traits were measured on five individuals for each species in each mesocosm. The objectives 
of the study were to address the above weakness using trait data measured on a local 
experimental system with constant community spatial size and trait-sampling effort, as well as 
known environmental gradients 
 
Material and methods 
 
Experimental design 
 
The experimental system consisted of 24 mesocosms (112.5cm × 90cm × 36cm). Three levels 
of stress and four levels of disturbance, with two replicates of each treatment combination, were 
randomly assigned on the 24 mesocosms. Seeds-mixture of 30 herbaceous species was evenly 
broadcast over the soil surface of each mesocosm to in 2009. The three levels of stress (SL, SM, 
SH) were obtained by 3:1, 1:1 and 1:3 mixtures of fertile garden soil and sand. The four levels 
of disturbance (D04, D08, D27, D54) were obtained by disturbing 4, 8, 27 or 54 (out of 80) cells 
per mesocosm per year. Details of the experimental design and are given in (Li & Shipley 2017). 
 
Species survey and traits measurement 
 
In 2014 (the fifth year of experiment), we recorded 37 species over the 24 mesocosms (12 of 
the originally seeded species disappeared and 19 new species appeared), varying from 7 to 17 
species per mesocosm (Li & Shipley 2017). During July and August in 2014, we measured the 
following ten traits covering the most important two-dimensional spectrum of plant form and 
function (Díaz et al. 2016). All traits were measured on five individuals per species per 
mesocosm according a standardized protocol (Garnier et al. 2001). Vegetative height (VH) was 
first measured on each selected individual, and then the individual was cut at ground level and 
stored in a cooler with the stem base in water. The cooler was then stored in the dark for a whole 
night (around 15h) to allow the leaves completely rehydrate and burn off accumulated non-
structural carbohydrates so that dry mass represented structural components (Garnier et al. 
2001). One mature and healthy leaf was collected from the individual the next day to measure 
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leaf area (LA) and leaf thickness (LT). This leaf was then dried at 60℃ to obtain leaf dry mass 
(LDM), leaf dry matter content (LDMC) and specific leaf area (SLA). The extra leaves from 
each sampled individual were collected and dried for the measurement of leaf carbon 
concentration (LCC) and leaf nitrogen concentration (LNC). Finally, a section of stem was cut 
to measure the specific stem density (SSD) and stem dry matter content (SDMC). For plants 
without a prominent above-ground stem (i.e. rosette plants and grasses), they were cut a little 
below the ground level to include the short, condensed stem, to which the leaves are attached 
(Pérez-Harguindeguy et al. 2013). 
 
 
Figure 3.1 Principle components analysis of the ten traits (log-transformed). Abbreviations 
of the trait are: Vegetative height (VH), leaf area (LA), leaf thickness (LT). leaf dry mass 
(LDM), leaf dry matter content (LDMC), specific leaf area (SLA),  leaf carbon concentration 
(LCC), leaf nitrogen concentration (LNC), specific stem density (SSD) and stem dry matter 
content (SDMC). 
(1
6%
)
(63%)
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Calculation of the niche occupancy metrics 
 
A principle component analysis of the log-transformed trait values showed that the first two 
axes (one correlated with leaf size and one correlated with the leaf economic spectrum) 
explained 79% of trait variation (Figure 3.2). The functional niche occupancy metrics (T, O and 
A) were calculated in the two-dimensional composite trait space defined by these first two 
principal components following the method developed by Li et al. (2017). 
 
Data analyses 
 
First, we conducted two-way ANOVAs to determine the effect of stress and disturbance on 
species richness and the functional niche occupancy metrics. ANOVAs for functional niche 
occupancy metrics were based on a linear model, while ANOVA for species richness used a 
generalized linear model with a “quasipoisson” distribution and a log link function since species 
richness is a count variable with an overdispersion of the residuals (Ver Hoef & Boveng 2007). 
Second, we investigated the empirical relationship between each niche occupancy metric and 
species richness with linear regressions. Finally, we constructed null models to test whether the 
observed metrics (T, O and A) were significantly different from the neutral expectations 
following the same steps as given in Li et al. (2017). The standardized effect size (SES) was 
then calculated as the observed metric minus the mean of the null distribution divided by the 
standard deviation of the null distribution, and the Wilcoxon signed-rank tests were used to test 
whether the SES values were significantly different from zero. A positive SES value indicates 
the observed metric is larger than the neutral expectation while a negative SES value indicates 
the observed metric is smaller than the neutral expectation. We also performed two-way 
ANOVAs for SES values of the metrics to indicate whether the processes of community 
assembly vary significantly along the gradients of stress and disturbance. All analyses were 
conducted in R (R Core Team 2014). 
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Results 
 
Two-way ANOVA showed that both stress and disturbance, as well as their interaction, had 
significant effect on species richness (Table 3.1). Specifically, species richness increased 
monotonically with the level of disturbance when stress was low or medium, but peaked at the 
intermediate level of disturbance (D27) when stress was high (Figure 3.2a). The functional 
overlap was affected by disturbance and the interaction between stress and disturbance (Table 
3.2), and the variation along the gradients of stress and disturbance followed the same pattern 
of species richness (Figure 3.2b). The total functional volume and the average functional volume 
did not change significantly along the gradients of stress and disturbance (Table 3.2), except 
that the total functional volume was lower at D08 than at D54 based on a Tukey’s HSD test. In 
addition, both the total functional volume (T) and the amount of overlap between coexisting 
species (O) increased with increasing species richness (S), while the average functional volume 
per species (A) did not change significantly (Figure 3.3). 
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Table 3.1 The effects of stress (inverse of productivity) and disturbance (density-
independent mortality) on species richness analysed by two–way ANOVA based 
on a “quasipoisson” model (Ver Hoef & Boveng 2007). 
 
Source DF Deviance Residual. DF Residual. Deviance P (>Chi) 
Stress 2 2.250  21  13.134  0.028  
Disturbance 3 4.687  18  8.447  0.002  
Stress × Disturbance 6 4.656  12  3.791  0.022  
NULL   23  15.384   
 
Table 3.2 The effects of stress and disturbance on functional niche occupancy metrics (total 
functional volume, T; functional overlap, O; average functional volume, A) 
analysed by two–way ANOVAs based on linear models. 
 
Response Source DF SS MS F P 
T 
Stress 2 22.146 11.073 2.776 0.102 
Disturbance 3 47.098 15.699 3.935 0.036 
Stress × Disturbance 6 28.597 4.766 1.195 0.372 
Residuals 12 47.871 3.989   
O 
Stress 2 23.297 11.648 1.310 0.306 
Disturbance 3 204.821 68.274 7.677 0.004 
Stress × Disturbance 6 179.655 29.942 3.367 0.035 
Residuals 12 106.718 8.893   
A 
Stress 2 0.085 0.043 0.534 0.600 
Disturbance 3 0.184 0.061 0.768 0.534 
Stress × Disturbance 6 0.201 0.033 0.420 0.852 
Residuals 12 0.957 0.080   
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Figure 3.2 Variation of species richness (S, a) and functional overlap (O, b) along gradients 
of stress and disturbance. SL, SM and SH are abbreviations of low stress, medium 
stress and high stress. D04, D08, D027 and D54 represent 4, 8, 27 and 54 cells 
disturbed per mesocosm each year. The means and errorbars of species richness 
and functional overlap in each treat combination were calculted from the two 
replicates. 
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Figure 3.3 Linear regressions between each functional niche occupancy metric (total 
functional volume, T; functional overlap, O; average functional volume, A) and 
species richness (S). 
 
Across the 24 mesocosms, we found that the total functional volume was not significantly 
different from the null expectation (p = 0.79, Figure 3.4a), while the functional overlap and the 
average functional volume were larger than the null expectations (p = 0.001 and 0.019, Figure 
3.4b and 3.4c). Moreover, the magnitude of the deviation between observed metrics and null 
expectations (standard effect size of the metrics) did not vary significantly along the gradients 
of stress or disturbance (Figure 3.4 and Table 3.3).  
 
 
 
Figure 3.4 Standard effect size (SES) of total functional volume (SES_T), functional overlap 
(SES_O) and average functional volume (SES_A) along gradients of stress and 
disturbance. SL, SM and SH are abbreviations of low stress, medium stress and 
high stress. D04, D08, D027 and D54 represent 4, 8, 27 and 54 cells disturbed 
per mesocosm each year. The dotted lines indicate the 95% confidence intervals 
of the null distributions. 
 
Table 3.3 The effects of stress and disturbance on the standard effect size (SES) of total 
functional volume (SES_T), functional overlap (SES_O) and average functional 
volume (SES_A) analysed by two–way ANOVAs based on linear models. 
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Response Source DF SS MS F P 
SES_T 
Stress 2 0.591  0.295  0.331  0.725  
Disturbance 3 4.083  1.361  1.524  0.259  
Stress × Disturbance 6 5.685  0.947  1.061  0.436  
Residuals 12 10.714  0.893    
SES_O 
Stress 2 4.511  2.255  1.715  0.221  
Disturbance 3 3.616  1.205  0.916  0.462  
Stress × Disturbance 6 4.183  0.697  0.530  0.776  
Residuals 12 15.784  1.315    
SES_A 
Stress 2 1.533  0.766  0.372  0.697  
Disturbance 3 5.927  1.976  0.958  0.444  
Stress × Disturbance 6 5.328  0.888  0.430  0.845  
Residuals 12 24.753  2.063    
 
Discussion 
 
Trends of species richness 
 
In this study, we link patterns of functional niche occupancy and the dynamic equilibrium model 
to investigate processes of community assembly determining species richness along the 
gradients of stress and disturbance. The relationship between species richness and disturbance 
was positive monotonic at low and medium levels of stress, and were unimodal at high level of 
stress (Figure 3.2). This result was qualitatively consistent with predictions by the dynamic 
equilibrium model (Figure 1.9; Huston 1979; Huston 1994), assuming that our experimental 
gradients of stress and disturbance were relatively narrow and covered only a part of bottom-
left corner of contour map of species richness on stress ´ disturbance area (Figure 1.9). In other 
words, the “SL” (high stress) treatment in our study was not high enough to generate the 
predicted negative monotonic relationship between species richness and disturbance (Figure 
1.9). We stress “qualitative” because the units of stress and disturbance were not specified in 
the dynamic equilibrium model and so it is impossible to “quantitatively” position our 
treatments of stress and disturbance on the contour map (Figure 1.9). 
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Trends of functional niche occupancy metrics 
 
Along the species richness gradient, we found increases in both the total functional volume and 
the functional overlap while no significant changes in the average functional volume (Figure 
3.3), which were similar to the findings in the global study (Li et al. 2017). It should be noted 
that our results were obtained from a local experimental system with constant community spatial 
size (1m2) and with constant trait-sampling effort (five individuals for each species in each 
mesocosm). This meant that variation in community spatial size and trait-sampling effort 
between datasets collected in global study (Li et al. 2017) did not qualitatively change trends 
between niche occupancy metrics and species richness. Therefore, our local study and the global 
study (Li et al. 2017) together provided a more complete view of how the pattern of functional 
niche occupancy varied from species-poor to species-rich communities, irrespective of spatial 
size of local community, trait-sampling effort, range of species richness and vegetation types. 
Along the gradients of stress and disturbance, only functional overlap varied significantly and 
followed the same pattern of variation in species richness. 
 
Comparisons to neutral processes 
 
Although our variation in species richness are consistent with the predictions by the dynamic 
equilibrium model (Huston 1979; Huston 1994), we cannot simply infer that our species 
richness gradient was generated by the niche-based processes assumed by the dynamic 
equilibrium model because the same pattern of variation in species richness could be derived 
from a purely neutral model (Ronen & Yuval 2006). To distinguish between the niche-based or 
neutral processes of community assembly, we construct null models (Li et al. 2017) to test 
whether the observed functional niche occupancy metrics were different from neutral 
expectations. 
 
Greater functional overlap and the average functional volume than the null expectations (Figure 
3.4b and 3.4c), were consistent with prediction by habitat filtering rather than limiting similarity. 
However, the habitat filtering did not cause smaller total functional niche volume (Figure 3.4a). 
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It should be noted that the spatial size of these mesocosms was 1m2 such that species co-
occurring in the same mesocosm could be expected to interact with each other. Therefore, the 
absence of evidence for limiting similarity was not due to an inappropriate spatial scale in our 
study, as could have been argued with respect to Li et al. (2017). Moreover, the magnitude of 
the deviation between the observed metrics and the null expectations (the standard effect sizes) 
did not change significantly along the gradients of stress and disturbance (Table 3.3). In other 
words, the dominant processes of community assembly (habitat filtering) appeared to be the 
same along the gradients of stress and disturbance. It is possible that the gradients of stress and 
disturbance in our experiment were too narrow to detect different assembly processes, but the 
relative importance of the assembly processes might change along the gradients. For instance, 
the standard effect size of functional overlap tended to be higher in low stress mesocosms than 
in high stress mesocosms (Figure 3.4b), therefore the species were more functionally similar 
and habitat filtering was more important in low stress mesocosms than in high stress mesocosms. 
 
Our study succeeded in linking the pattern of functional niche occupancy and the dynamic 
equilibrium model to test processes of community assembly determining species richness along 
the gradients of stress and disturbance. The variation of species richness along the gradients of 
stress and disturbance was consistent with the prediction by the dynamic equilibrium model. 
The species richness gradient was mainly determined by habitat filtering because the species 
were more functionally similar than neutral expectation. This local study and the global study 
(Li et al. 2017) were mirrors of each other. On one hand, the local experimental study addressed 
the limitation in the global study that we were not able to control the spatial size of local 
communities and trait-sampling effort between datasets and determine their effects on functional 
niche occupancy. On the other hand, the limitations of this study – its short (5 year) time scale, 
its narrow range of species richness, and its limited range of plant types (herbaceous species 
only) – did not exist in the global study. Together, they provide a more robust description of 
how the pattern of functional niche occupancy varies from species-poor to species-rich 
communities and stronger inferences of community assembly determining species richness. 
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Chapitre 4  
- 
AN EXPERIMENTAL TEST OF CSR THEORY USING A GLOBALLY CALIBRATED 
ORDINATION METHOD 
 
 
Description de l’article et contribution 
 
Although the CSR model of plant strategies has been proposed for decades, for both functionally 
classifying plants and for predicting how plant community structure changes along 
environmental gradients, the practical method of classifying plants via functions of various their 
functional traits (CSR ordination) is difficult and changing over time. Recently, a globally 
calibrated CSR ordination method (StrateFy), using only three representative and easily 
measured leaf traits: leaf area (representing the plant size spectrum), plus leaf dry matter content 
and specific leaf area (representing conservative vs. acquisitive resource economics), allows for 
worldwide comparisons of species and communities based on plant ecological strategies. In this 
Chapter, we tested how well this globally the calibrate method (StrateFy) worked in local studies 
by exploring how well it could predict changes in plant community structure along 
experimentally manipulated gradients of stress and disturbance. The study was conducted on 
the same experimental system as used in Chapter 3. We found that StrateFy worked surprisingly 
well in our experimental study: species in high stressed mesocosms were more stress-tolerators 
than species in low stressed mesocosms and species in high disturbed mesocosms were more 
ruderals than species in low disturbed mesocosms. This local study provided the first empirical 
support for StrateFy and was published in Plos One.  
 
I did all the experimental measurements. I also conducted the statistical analyses and writing, 
with input from Bill Shipley. 
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Abstract 
 
Can CSR theory, in conjunction with a recently proposed globally calibrated CSR ordination 
(“StrateFy”), using only three easily measured leaf traits (leaf area, specific leaf area and leaf 
dry matter content) predict the functional signature of herbaceous vegetation along 
experimentally manipulated gradients of stress (external abiotic constraints limiting biomass 
production) and disturbance (events causing partial or total biomass destruction)? To determine 
this, we grew 37 herbaceous species in mixture for five years in 24 experimental mesocosms 
differing in factorial levels of soil resources (stress) and density-independent mortality 
(disturbance). We measured 16 different functional traits and then ordinated the resulting 
vegetation within the CSR triangle using StrateFy. We then calculated community-weighted 
mean (CWM) values of the competitor (CCWM), stress-tolerator (SCWM) and ruderal (RCWM) 
scores for each mesocosm. We found a significant increase in SCWM from low to high stress 
mesocosms, and an increase in RCWM from lowly to highly disturbed mesocosms. However, 
CCWM did not decline significantly as intensity of stress or disturbance increased, as predicted 
by CSR theory. This last result likely arose because our herbaceous species were relatively poor 
competitors in global comparisons and thus no strong competitors in our species pool were 
selectively favoured in low stress and low disturbed mesocosms. Variation in the 13 other traits, 
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not used by StrateFy, largely argeed with the predictions of CSR theory. StrateFy worked 
surprisingly well in our experimental study except for the C-dimension. Despite loss of some 
precision, it has great potential applicability in future studies due to its simplicity and generality. 
 
Introduction 
 
Grime’s CSR model of plant strategies [1-3] has been proposed as a framework for both 
functionally classifying plants and for predicting how plant community structure changes along 
environmental gradients. It is perhaps the most influential modern niche-based theory of plant 
community assembly, vegetation succession and ecosystem functioning and continues to 
heavily influence the field as shown by current citation rates. CSR theory assumes that variation 
in the functional response of plants can be predicted and explained by differences in the intensity 
of stress and disturbance in a local site. Stress [2] is defined as all “external constraints [i.e. 
external to the vegetation itself] which limit the rate of dry matter production of all or part of 
the vegetation”. Thus, a gradient of increasing stress is a gradient of decreasing net primary 
production. Disturbance [2] is “the partial or total destruction of the plant biomass and arises 
from the activities of herbivores, pathogens, man…, and from phenomena such as wind-damage, 
frosting, droughting, soil erosion, and fire”. Competition is defined [2] as “the tendency of 
neighouring plants to utilise the same quantum of light, ion of mineral nutrient, molecule of 
water, or volume of space”. Therefore, the “phenomena which restrict photosynthetic 
production” and phenomena that cause the “partial or total destruction of plant biomass” are 
properties of a habitat that exist in the absence of competing plants. A reduction in the growth 
of a plant, or even its death, due to resources being captured by another plant is neither a stress 
nor a disturbance in CSR theory. Within the four permutations of the extremes of stress and 
disturbance, one (high stress and high disturbance) is untenable because a very high rate of 
biomass destruction coupled with a very low rate of biomass production prevents any permanent 
formation of vegetation. The three remaining combinations are associated with the evolution of 
different suites of correlated traits conforming to each of the three distinct habitat extremes. 
These are the Competitors (low stress and low disturbance), the Stress-tolerators (high-stress 
and low disturbance) and the Ruderals (low stress and high disturbance), thus “CSR” [4]. CSR 
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theory claims that the dynamics and structure of vegetation is a consequence of specific adaptive 
trade-offs among multiple correlated functional traits (“plant strategies”) with respect to stress 
and disturbance, such that increased fitness in one circumstance inescapably involves a reduced 
fitness in another. 
 
The triangular CSR ordination of plants links these theoretical claims with empirical 
observations. CSR ordination is a practical method of classifying plants and plant communities 
via functions of various plant functional traits. The empirical CSR ordination method has 
changed over time. The original CSR ordination [1] used only four traits: canopy height, lateral 
spread, litter accumulation and maximum relative growth rate in the seeding phase. Species 
were ordinated into the C-dimension according to a competition index, which was a composite 
of canopy height, lateral spread and litter accumulation. Species were ordinated to the S-
dimension as a function of maximum relative growth rate (RGRmax) and ordination of the R-
dimension was determined by the requirement that the sum of the three dimensions must be 
100%. This first ordination method was not practical because RGRmax requires growing each 
species in controlled optimal conditions. A second version of the CSR ordination was proposed 
for British herbaceous species and was subsequently used as a “gold standard” for all subsequent 
ordinations that attempt to generalize the CSR scheme; i.e. subsequent versions were constrained 
to maximally agree with the CSR scores of the species ordinated in this study. The “gold 
standard” for the C-dimension was based on the dominance (relative abundance) of each species 
in fertile and undisturbed habitats, with greater dominance in fertile, undisturbed habitats 
conferring a higher C-value. The “gold standard” for the R-dimension was based on the mean 
relative abundance of monocarpic species (annuals + biennials + geophytes) in quadrats in 
which the particular species was present. The “gold standard” for the S-dimension was 
determined by the loadings and scores on the first axis of a PCA of 67 traits on 43 British 
herbaceous species [5], which was interpreted as representing an axis of resource acquisition vs. 
retention. 
 
In order to generalize these “gold standard” CSR values to new species, without having to obtain 
extensive field observations and while using fewer and more easily measured traits, [6] proposed 
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a third version of the CSR ordination by regressing seven morphological and phenological traits 
on the “gold-standard” CSR values of the same 43 British herbaceous species. Using these 
regression equations and a series of statistical manipulations, one can ordinate any herbaceous 
species having these seven traits onto the CSR triangle. These seven traits (canopy height, lateral 
spread, leaf dry weight, leaf dry matter content, specific leaf area, flowering period and 
flowering starting point) were those, among 67 traits considered, that best predicted the “gold 
standard” CSR scores. However, this ordination method still had two weaknesses: (i) it still 
required phenological traits (flowering period and flowering starting point) that are difficult to 
obtain and to generalize outside of northwestern Europe, and (ii) it could not be extended to 
vascular plants other than terrestrial herbaceous species. As a result, although Grime’s CSR 
theory is designed to maximize generality, its empirical application was been mostly limited to 
British herbs. 
 
To overcome these limitations Pierce et al. [7] proposed a much simpler and more general CSR 
ordination method by using only three representative, and easily measured, leaf traits: leaf area 
(representing the plant size spectrum), plus leaf dry matter content and specific leaf area 
(representing conservative vs. acquisitive resource economics). Diaz et al. [8] have recently 
validated these two major axes of trait variation using a worldwide trait database. The Pierce et 
al. [7] method was subsequently extended to thousands of plants worldwide, producing a 
globally calibrated CSR ordination tool: “StrateFy” [9]. The use of these three leaf traits does 
not mean that these are the only important traits, or even the most important traits from a 
functional perspective; rather, they are able to approximately capture the principal multivariate 
axes of trait variation while being both easy to measure and measurable on any species having 
leaves. This allows for worldwide comparisons of species and communities based on plant 
ecological strategies. However, has StrateFy sacrificed too much precision in order to maximize 
generality and simplicity? How well does this globally calibrated method work in a local area? 
One objective of our study was to determine the degree to which StrateFy, in conjunction with 
CSR theory, can correctly predict changes in plant community structure along experimentally 
manipulated gradients of stress and disturbance in a local study. 
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CSR ordination also provides an empirical link between CSR theory and the functional structure 
of natural vegetation, as opposed to individual species, via the concept of community-weighted 
mean (CWM) CSR values. CWM CSR values of a community estimate the CSR value of an 
average individual in that community by weighting the CSR values of each species by their 
relative abundance within the community. For instance, Grime’s original [1] publication used 
community-weighted trait values (without using the term) to place vegetation plots onto the CSR 
triangle. Importantly, using CWM CSR scores, one can derive three empirically falsifiable 
predictions of CSR theory: 
(i) increasing levels of environmental stress (i.e. environmental conditions that decrease net 
primary productivity) will result in vegetation increasingly dominated by species with S-
selected traits (thus increasing SCWM values);  
(ii) increasing levels of environmental disturbance (i.e. environmental conditions that increase 
the amount of plant biomass destruction) will result in vegetation increasingly dominated by 
species with R-selected traits (thus increasing RCWM values); 
(iii) decreasing levels of both stress and disturbance will result in vegetation increasingly 
dominated by species with C-selected traits (thus increasing CCWM values). 
 
How well supported are these predictions? All observational field tests of CSR theory except 
Eler et al. [10] have subjectively specified the levels of stress and disturbance based on the 
vegetation itself or else used indirect environmental variables whose relationship to plant 
productivity (stress) and biomass destruction (disturbance) was not explicitly demonstrated [11-
13]. Such studies are not strong tests of CSR theory. A more convincing way of testing CSR 
theory is to experimentally manipulate levels of stress and disturbance so that these two 
environmental properties are known and controlled independently of the vegetation. There is, 
to our knowledge, only one such experimental test with controlled levels of stress and 
disturbance [14]. This study grew seven contrasting species of grasses in both monocultures and 
in mixture along experimentally controlled levels of nutrient supply and biomass destruction 
and compared their responses relative to the predictions by CSR theory. Such an important 
theory cannot be properly judged by only one experimental study, involving only seven 
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taxonomically restricted species and spanning only two growing seasons from planting to final 
harvest. 
 
In this study, we report the results of a robust experimental test of CSR theory involving 37 
herbaceous species of both grasses and herbs growing in mixture over a five-year period in 24 
mesocosms arranged along experimentally maintained gradients of stress and disturbance. 
Values of CCWM, SCWM and RCWM were calculated for each mesocosm using StrateFy in order 
to test the predicted changes in the community-weighted CSR scores as described above. 
Furthermore, since the three traits used in the StrateFy ordination were chosen to summarize 
the responses of a much larger suite of traits implicated in the CSR strategy scheme, we also 
measured 13 other functional traits and compared their community-weighted mean patterns in 
relation the CSR theory. 
 
Materials and methods 
 
Experimental design 
 
We constructed 24 mesocosms (112.5cm × 90cm × 36cm) at the Université de Sherbrooke, 
Quebec, Canada (N45.24, W71.54) in 2009. These mesocosms were made of high-intensity 
plastic, drained from a single point at the bottom, and were maintained outdoors within a10m × 
6m area from the beginning of the experiment. Three levels of stress and four levels of 
disturbance, with two replicates of each combination, were randomly assigned to the 24 
mesocosms. The stress gradient, which includes both potential soil nutrient supply and soil water 
holding capacity (both of which determine actual soil nutrient supply) was obtained by mixing 
different ratios of garden soil and sand, and a fixed proportion (1/3) of clay soil. The ratio of 
garden soil to sand was 3:1, 2:2 and 1:3 in low stress (SL), medium stress (SM) and high stress 
(SH) mesocosms, respectively. 
 
Seeds of 30 herbaceous species (Table B1), chosen to span a wide range of habitats and 
functional traits, were mixed in a proportion determined by their germination rates such that 
	 85	
each species would have the same initial seedling density. The mixture of seeds was split into 
two equal parts and each broadcast in opposing directions over the soil surface of each 
mesocosm to increase seedling uniformity. Over the five years of the experiment, 12 of the 
originally seeded species disappeared while 19 new species appeared. Most of these new species 
came from seeds already present in the clay soil (based on germination tests conducted at the 
start of the experiment) and, since the same amount of this clay soil was added to each mesocosm, 
the same average number of seeds of each of these new species was also added to each 
mesocosm at the start of the experiment. However, it is possible that some of the new species 
arrived from other dispersal vectors. 
 
Each mesocosm was conceptually (not physically) divided into 80 cells of 10 cm × 10 cm and 
with a 10-cm wide boundary at the edge of each mesocosm as a buffer. The disturbance 
treatments were applied to a cell by: (i) cutting the vegetation to ground level with the cut 
biomass being distributed throughout the mesocosm (simulating grazing), (ii) cutting the soil to 
a depth of 10 cm along the edge of the cell to sever any shallow rhizomes, and (iii) lightly raking 
the soil surface (simulating activities of small mammals or light agricultural activity). This 
disturbance was applied annually on 4 or 27 randomly selected cells per mesocosms (i.e. 
intensity); this was done for each intensity level either once (at the beginning May) or twice (at 
the beginning of May and at the end of July) each year (i.e. frequency). We did this because 
Grime’s definition of “disturbance” includes both the intensity and frequency of biomass 
destruction. Therefore, we obtained four levels of disturbance: D04, D08, D27 and D54, 
indicating a yearly average disturbance intensity of 4 (5%), 8 (10%), 27 (34%) and 54 (68%) 
out of 80 cells per mesocosm. 
 
Species survey and trait measurements 
 
Species abundance (the number of rooted stems per species) was recorded in each of 30 
randomly sampled cells per mesocosm just prior to the second disturbance in July 2014 (the 5th 
year of the experiment). We recorded 37 species from the 24 mesocosms, which varied from 9 
to 17 species per mesocosm, in July 2014. During July and August in 2014 we measured the 
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three leaf traits used for the StrateFy [9] CSR ordination: leaf area (LA), leaf dry matter content 
(LDMC), specific leaf area (SLA). Each trait was measured on five individuals per species per 
mesocosm according a standardized protocol [15]. Each individual plant was cut at ground level 
and stored in a cooler with the stem base in water. The cooler was then stored in the dark for a 
whole night (around 15h) to allow the leaves to completely rehydrate and burn off accumulated 
non-structural carbohydrates so that dry mass represented structural components. One mature 
and healthy leaf was collected from each individual the next day to measure the traits. We also 
measured 13 other functional traits (Table 4.1) related to plant CSR strategy using the Perez-
Harguindeguy et al. [16] protocols on these 37 species growing alone in pots. The soil in each 
pot consisted of same ratio of garden soil and sand as in the medium stress mesocosms and the 
pots were placed next to the mesocosms. These traits were measured during July and August in 
2015 after one growing season except that seed mass and seed sphericity were measured before 
seeding out. 
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Table 4.1 Measured traits, their measurement units and definitions 
 
Trait Code Units Notes 
Whole plant traits 
Life history LH - 1 for annuals and 0 for perennials 
Total biomass TB mg biomass including above- and below-ground biomass 
Vegetative height VH mm distance between top photosynthetic tissue and ground level 
Leaf traits 
Leaf area LA mm2 by scanner and ImageJ 
Leaf dry matter 
content LDMC % leaf fresh mass / leaf dry mass 
Specific leaf area SLA mm2 mg-1 leaf area / leaf dry mass 
Leaf thickness LT mm by micrometer 
Leaf carbon 
concentration LCC % 
by elementar analyzer with sample size 
around 100 mg 
Leaf nitrogen 
concentration LNC % 
by elementar analyzer with sample size 
around 100 mg 
Maximum 
photosynthetic rate MPR µmol CO2 m
-2 s-1 
by Licor 6400 with controlled light intensity 
(800µmol m-2 s-1) and leaf temperature (23℃), 
CO2 in air: 380 ppm to 400 ppm 
Stem traits 
Stem dry matter 
content SDMC % 
stem section fresh mass / stem section dry 
mass 
Specific stem density SSD mg mm-3 stem section fresh mass / stem section volume 
Root traits 
Specific root length SRL mm g-1 fine root section length / fine root section dry mass 
Root biomass RB mg below-ground biomass 
Seed traits 
Seed mass SM mg average mass of 20 seeds 
Seed sphericity SS - standard deviation of the 3-dimensions of the seeds 
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Data analyses 
 
First, species’ mean trait values (Table B2) were calculated for each species and entered into 
the “StrateFy” spreadsheet [9] which returned the ternary coordinates and tertiary CSR strategies 
(Table B2). The CSR triangle was produced using the “ade4” package [17] of R [18]. Using 
these C-, S-, and R- values of each species (the ternary coordinates), we then calculated 
community-weighted mean (CWM) CSR values for each mesocosms as: 
1 1 1
; ;
n n n
CWM i i CWM i i CWM i i
i i i
C a C S a S R a R
= = =
= = =å å å   
where ai, Ci, Si and Ri is the relative abundance and C, S and R values of the ith species in the 
mesocosm. Since CCWM, SCWM and RCWM are bounded by 0 and 1 and are constrained to sum to 
unity, we used permutation ANOVA via the package “lmPerm” [19] in R to test whether CCWM, 
SCWM and RCWM varied significantly along stress and disturbance gradients. We also calculated 
CSR values for each mesocosm based on species’ trait values obtained by individuals only from 
that mesocosm, which therefore allows for intraspecific trait variation across mesocosms. Then 
CCWM, SCWM and RCWM were calculated in the same way, except that Ci, Si and Ri referred to CSR 
values based on population mean trait values but not based on species mean trait values. 
 
Results 
 
Soil fertility levels (organic matter, total C, N, P and K as well as N mineralization and soil 
volumetric water content) in the high (SH) and medium (SM) stress treatments were 
approximately 25% and 50% as in the low (SL) treatment (Figure 4.1a), and this gradient was 
maintained in 2014 (Figure 4.1b). These differences in soil resource levels translated into non-
linear differences in biomass production; aboveground biomass, collected at the period of peak 
standing crop during the first year of the experiment (2009) and before any disturbance 
treatments had been applied, are shown in Figure 4.2. The high stress treatment produced only 
20% of the biomass of the low stress treatment (p<0.001) but the medium stress treatment 
produced 88% of the biomass of the low stress treatment, and this modest decrease was not 
significantly different based on a Tukey post-hoc test. 
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Figure 4.1 Soil analyses along the stress gradient. Soil analyses (means ±SE) of the 
mesocosms having different intensities of stress (low stress: SL, medium stress: 
SM, and high stress: SH) in 2009 (a) and 2014 (b). Letters indicate significant 
differences in means. Note that decreasing stress implies increasing soil fertility. 
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Figure 4.2 Maximum aboveground biomass along the stress gradient in 2009. Peak 
aboveground biomass (means ±SE) in 2009 for the 24 mesocosms under different 
intensity of stress (SL: low stress, SM: medium stress, and SH: high stress). 
Letters indicate significant differences in means. 
 
The triangular CSR plot (Figure 4.3) shows the ordination of the 37 species. Table B2 lists the 
trait values and the resulting C, S and R scores for each species. No species occupied the C-
corner of the triangle, while the S-corner of the triangle included slow-growing perennials such 
as Festuca rubra L., and R-corner of the triangle consisted of fast-growing annuals such as 
Digitaria ischaemum (Schreb.) Muhl.. On average, annual species had significantly higher R-
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values (p<0.001) and lower S-values (p=0.044) than the perennial species and no significant 
difference of C-values (p=0.119) was found between the two life-history types (Figure 4.3). 
 
 
Figure 4.3 CSR ordination of individual species. Ordination of the 37 species to the CSR 
triangle using StrateFy. Red dots represent annual (A) species while blue dots 
represent perennial (P) species. Red and blue squares indicate the average CSR 
values for annuals and perennials, respectively. 
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The next triangular CSR plot (Figure 4.4) shows the ordination of the vegetation in the 24 
mesocosms based on the community-weighted C, S and R scored. SCWM and RCWM each differed 
significantly between the different levels of stress and disturbance but without any interaction 
(Table 4.2), while CCWM did not differ significantly between different levels of stress and 
disturbance (Table 2), either alone or in interaction. Table B3 lists the trait values and the 
resulting community-weighted C, S and R scores for each mesocosm. Specifically, SCWM was 
higher and RCWM was lower in high stress (SH) mesocosms than in medium and low stress (SM 
and SL) mesocosms (Figure 4.4a), RCWM was higher and SCWM was lower in most disturbed (D54) 
mesocosms than in other intensity of disturbance (D27, D08 and D04) mesocosms (Figure 4.4b). 
The results obtained when including the intraspecific trait variability were almost identical to 
the ordination by using species’ mean trait values. 
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Figure 4.4 CSR ordination of community-weighted values. Community-weighted mean 
CSR values (CCWM, SCWM and RCWM) of the 24 mesocosms under different 
intensities of stress (a) and disturbance (b). In (a), dots in red, purple and blue 
represent mesocosms under low stress (SL), medium stress (SM) and high stress 
(SH), respectively. Squares in red, purple and blue indicate the average CSR 
values for SL, SM and SH, respectively. In (b), dots in red, purple, green and 
blue represent mesocosms under different levels of disturbance: D04, D08, D027 
and D54 (4, 8, 27 and 54 out of 80 cells disturbed per mesocosm each year). 
Squares in red, purple, green and blue indicate the average CSR values for D04, 
D08, D027 and D54, respectively.
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Table 4.2 Permutation ANOVAs of community-weighted mean CSR values (CCWM, SCWM 
and RCWM) along gradients of stress and disturbance. Shown are the degrees of 
freedom (DF), the sum of squares (SS) and mean square (MS) of the analysis of 
variance. The resulting permutation null probabilities (p) are based on 999999 
independent permutation iterations. 
 
Response Source DF SS MS p 
CCWM Stress 2 9.086 4.543 0.671 
Disturbance 3 3.203 1.068 0.969 
interaction 6 44.431 7.405 0.602 
Residuals 12 111.764 9.314  
SCWM Stress 2 2111.608 1055.804 <0.001 
Disturbance 3 827.608 275.869 0.017 
interaction 6 545.538 90.923 0.198 
Residuals 12 625.980 52.165  
RCWM Stress 2 1897.366 948.683 <0.001 
Disturbance 3 801.283 267.094 0.016 
interaction 6 480.671 80.112 0.233 
Residuals 12 600.782 50.065   
 
Table 4.3 shows the Pearson correlation coefficients between the community-weighted means 
of the 16 traits and the three community-weighted means of the CSR values. Of the 48 
correlation coefficients, 21 (44%) were significant at the 5% level. Of these 21 significant 
correlations, only two were in opposite directions to that expected from CSR theory: maximum 
net photosynthetic rate and specific root length were each expected to decrease with increasing 
scores on the stress tolerator axis but instead they were positively correlated. Of the 16 traits, 
the community-weighted values of eight of them varied significantly along at least one of the 
two experimental treatments (Table 4.4). 
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Table 4.3 Observed Pearson correlations between community-weighted mean (CWM) trait 
values and CWM CSR values (CCWM, SCWM, RCWM). Correlations in bold are 
significant (p<0.05), symbols in brackets indicate the signs of the correlations 
predicted by CSR theory as positive (+), negative (-) or unclear (?). Trait 
abbreviations as in Table 4.1. 
 
TraitsCWM CCWM SCWM RCWM 
LH -0.25 (-) -0.74 (-) 0.82 (+) 
TB 0.26 (+) -0.03 (-) -0.02 (-) 
VH -0.04 (+) 0.25 (-) -0.25 (-) 
LA 0.87 (+) -0.43 (-) 0.26 (-) 
LDMC -0.29 (-) 0.93 (+) -0.91 (-) 
SLA -0.1 (+) -0.85 (-) 0.91 (-) 
LT -0.13 (?) 0.9 (+) -0.91 (?) 
LCC -0.12 (?) -0.35 (+) 0.39 (-) 
LNC -0.04 (+) -0.78 (-) 0.82 (+) 
MPR -0.11 (+) 0.54 (-) -0.54 (+) 
SDMC -0.13 (+) 0.2 (+) -0.18 (-) 
SSD 0.13 (+) -0.14 (+) 0.11 (-) 
RB 0.58 (+) 0.35 (-) -0.49 (-) 
SRL -0.51 (+) 0.36 (-) -0.27 (+) 
SM -0.11 (+) -0.14 (+) 0.17 (-) 
SS 0.52 (+) 0.45 (?) -0.58 (-) 
 
	  
	 96	
Table 4.4 Permutation ANOVAs of community-weighted trait means along gradients of 
stress and disturbance. Shown are the degrees of freedom (DF), the sum of 
squares (SS) and mean square (MS) of the analysis of variance. The resulting 
permutation null probabilities (p) are based on 999999 independent 
permutations. 
 
Trait Source DF SS MS P 
LH Stress 2 0.239 0.119 0.081 
Disturbance 3 0.142 0.047 0.337 
interaction 6 0.303 0.050 0.316 
Residuals 12 0.454 0.038  
TB Stress 2 26820.033 13410.017 0.373 
Disturbance 3 69201.442 23067.147 0.197 
interaction 6 168844.178 28140.696 0.116 
Residuals 12 152061.767 12671.814  
VH Stress 2 7474.114 3737.057 0.392 
Disturbance 3 33887.626 11295.875 0.066 
interaction 6 33518.371 5586.395 0.251 
Residuals 12 44154.884 3679.574  
LA Stress 2 93835.750 46917.875 0.201 
Disturbance 3 40787.848 13595.949 0.673 
interaction 6 83552.421 13925.404 0.767 
Residuals 12 306265.954 25522.163  
LDMC Stress 2 48.121 24.061 0.032 
Disturbance 3 40.418 13.473 0.100 
interaction 6 28.375 4.729 0.508 
Residuals 12 61.393 5.116  
SLA Stress 2 479.731 239.866 0.001 
Disturbance 3 442.812 147.604 0.005 
interaction 6 142.413 23.736 0.406 
Residuals 12 254.419 21.202  
LT Stress 2 0.124 0.062 0.000 
Disturbance 3 0.029 0.010 0.001 
interaction 6 0.022 0.004 0.009 
Residuals 12 0.008 0.001  
LCC Stress 2 0.990 0.495 0.191 
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Disturbance 3 0.033 0.011 0.987 
interaction 6 0.696 0.116 0.830 
Residuals 12 3.120 0.260  
LNC Stress 2 2.147 1.073 0.005 
Disturbance 3 0.179 0.060 0.726 
interaction 6 0.968 0.161 0.357 
Residuals 12 1.581 0.132  
MPR Stress 2 7.541 3.770 0.194 
Disturbance 3 16.998 5.666 0.084 
interaction 6 27.668 4.611 0.102 
Residuals 12 23.815 1.985  
SDMC Stress 2 11.468 5.734 0.276 
Disturbance 3 60.825 20.275 0.018 
interaction 6 61.999 10.333 0.077 
Residuals 12 47.656 3.971  
SSD Stress 2 0.007 0.004 0.024 
Disturbance 3 0.007 0.002 0.053 
interaction 6 0.011 0.002 0.067 
Residuals 12 0.008 0.001  
RB Stress 2 2972.163 1486.081 0.466 
Disturbance 3 6020.156 2006.719 0.390 
interaction 6 14794.393 2465.732 0.321 
Residuals 12 22295.912 1857.993  
SRL Stress 2 5546.527 2773.264 0.003 
Disturbance 3 1665.090 555.030 0.182 
interaction 6 5357.724 892.954 0.047 
Residuals 12 3493.822 291.152  
SM Stress 2 35.610 17.805 0.008 
Disturbance 3 5.792 1.931 0.491 
interaction 6 24.233 4.039 0.179 
Residuals 12 26.835 2.236  
SS Stress 2 0.365 0.182 0.067 
Disturbance 3 0.085 0.028 0.667 
interaction 6 0.153 0.026 0.807 
Residuals 12 0.638 0.053  
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Discussion 
 
A test of CSR theory that is not logically circular requires that one be able to specify the levels 
of stress and disturbance experienced by a site independently of the functional signature of the 
vegetation itself. This can be done by measuring the rates of net primary production or 
determinants of this (decreasing values being more stressful by definition) and of live biomass 
destruction (increasing values being more disturbed by definition). Because of the practical 
difficulties involved in obtaining these environmental measurements, this has seldom been done 
in practice for field studies of plant strategies [but see 10]. Instead, sites in these field studies 
were qualitatively classified in terms of stress and disturbance based on vegetation structure 
[11-13], which leads a degree of circularity. For instance, Grime et al.’s [12] comprehensive 
work only classified habitats as “wetland”, “skeletal”, “arable” etc. A strength of our 
experimental design is that the levels of soil resource supply (stress) and the intensity of biomass 
destruction (disturbance) were measured independently of the functional structure of the 
vegetation and fixed at different levels for the duration of the experiment. Although it is 
impossible to include all possible natural causes of biomass destruction in an experiment, we 
believe that our causes of disturbance (clipping to simulate herbivore grazing and superficial 
soil raking to simulate the activities of small mammals) are reasonable and mirror those used in 
the experiment of Campbell and Grime [14]. Our soil nutrient measurements showed that our 
three “stress” levels corresponded to three levels of soil nutrient and water availability. 
Aboveground biomass, collected during the application of the disturbance in the first year, 
showed that increased soil resource availabilities along stress gradient did translate into 
increased biomass production. However, at least based on the first year results, the linear 
increase in soil nutrients over the three stress treatments did not translate into a linear increase 
in plant biomass production, since the “medium” and “low” stress treatments did not differ 
statistically in terms of biomass production. Therefore, this allows us to test CSR theory with 
the StrateFy ordination in a non-circular manner. 
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The global StrateFy CSR ordination correctly predicted the expected responses to stress and 
disturbance 
 
CSR theory predicts that an increase in stress (i.e. a decrease in soil fertility) will cause the plant 
community to shift towards one more dominated by stress tolerators while an increase in 
disturbance will cause the plant community to shift towards one more dominated by ruderals. 
The StrateFy method, if correct, must mirror this. Our results (Figure 4.2) confirm both of these 
predictions. Furthermore, the SCWM and RCWM values were significantly correlated to CWM 
values of many other traits as predicted by CSR theory (Table 4.3). Therefore, the S- and R-
dimensions identified by StrateFy with only three leaf traits (leaf surface area, leaf dry matter 
content and specific leaf area) correctly captured information from other traits and correctly 
predicted how most of the other CWM trait values would change as a function of stress and 
disturbance as specified by CSR theory. For instance, increasing community-weighted values 
along the S dimension were significantly associated with vegetation having fewer annuals (r=-
0.74), thicker leaves (r=0.90), less leaf nitrogen per mass (-0.78), higher specific root lengths 
(r=0.36), and less spherical seeds (r=0.45). However, contrary to expectations, SCWM was also 
associated with higher maximum net photosynthetic rates and a higher specific root length (i.e. 
thinner or less dense root systems). Increasing community-weighted values along the R 
dimension were associated with more annuals (r=0.82), thinner leaves (r=-0.91), more leaf 
nitrogen per mass (r=0.82), smaller root systems (r=-0.49) and more spherical seeds (r=-0.58). 
 
The global StrateFy CSR ordination did not predict the expected responses to competition 
 
CSR theory predicts that competitors will dominate in mesocosms having low stress and low 
disturbance (i.e. fertile conditions with little biomass destruction). Contrary to this expectation, 
our measures of CCWM did not significantly decline as the intensity of stress or disturbance 
increased. This contrasts with the only other experimental test of CSR theory [14] which did 
find that absolute reductions in biomass and flowering due to competition were greatest at low 
stress and low disturbance. Species in that study classified as stress tolerators or ruderals 
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experienced this competitive effect most strongly in agreement with the predictions by CSR 
theory. Here, we consider three different hypotheses to explain our results. 
 
One possible reason why our CCWM did not behave as expected is that the C-dimension was not 
properly identified by StateFy, which uses only three leaf traits. In StrateFy, high values along 
the C-dimension occur when a species has large leaves (leaf area) but intermediate values of 
SLA and LDMC (the economic axis). The reason for using only leaf area in StrateFy, but not 
traits like vegetative height, is to allow comparisons between widely different growth forms and 
habitats such as herbaceous and woody species or aquatics. However, the gain in generality 
obtained by using only three easily measured leaf traits might have resulted in too much of a 
loss in precision with respect to the hypothesized link to competitive ability. Perhaps no species 
in our study occupied the C-corner of the CSR triangle because of an underestimation of the C-
dimension using the global StrateFy ordination? We don’t think that this explanation is correct. 
Independently of the StrateFy ordination, none of the CWM trait values in our data that were 
related to plant size (total biomass, vegetative height, leaf area) varied significantly along our 
gradients of stress and disturbance (Table 4.4). In other words, we would have obtained similar 
results even if we had used other size-related traits to estimate the C-dimension. It therefore 
seems unlikely that the StrateFy ordination itself caused this result. 
 
A second possible explanation for the absence of a response along the CCWM dimension, and the 
absence of species in the C-corner of the CSR triangle, might be that the experimental intensities 
of stress and disturbance imposed on our mesocosms were not sufficiently low to select for 
strong competitors. In other words, perhaps the levels of soil nutrients provided in our “low” 
stress (i.e. high fertility) treatment were not sufficiently high. We don’t think this is the case. 
The aboveground biomass did increase as stress decreased, but the increase was not significant 
between medium stress and low stress (i.e. between medium and high fertility) even though the 
soil nutrient levels did increase significantly (Figure 4.1) between the medium and low stress 
mesocosms. This suggests that the soil nutrient availabilities in our low stress (i.e. high fertility) 
mesocosms exceeded the requirements of the plants in our species pool and so did not result in 
significantly higher aboveground biomass production. If so then this should be sufficient to 
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select for more competitive species in our lowest disturbance levels (5% of area disturbed per 
year). 
 
Therefore, we think that the most likely explanation for our lack of response in CCWM, and an 
absence of species in the C-corner, is that we did not include sufficiently strong competitors in 
our species pool to be selectively favoured in the low stress, low disturbance mesocosms. For 
instance, herbaceous plants classified as highest on the C axis by Grime et al. [12] have 
vegetative heights of 1.5m or more (for example Epilobium hirsutum L., Typha latifolia L., 
Epilobium hirsutum L. or Urtica doiica L.), while the tallest of our species in the year of 
measurement (i.e. Lythrum salicaria L., Trifolium hybridum L. and Phleum pratense L.) had 
average vegetative heights around 0.6m (S2 Table). It is important to remember that the StrateFy 
ordination is calibrated to cover a worldwide range of plant traits and resulting CSR scores, 
including trees. Thus, the most likely explanation for our result is that the range of trait variation 
in relation to the C dimension that was exhibited by our species was simply too narrow to be 
detected given the levels of replication available in such an experimental design. 
 
Conclusions 
 
Our results are the first experimental evidence that CSR theory can (mostly) predict the variation 
in functional traits during community assembly of herbaceous vegetation along gradients of net 
primary productivity (stress) and density-independent mortality (disturbance). Furthermore, we 
show that these multivariate patterns of functional traits (“ecological strategies”) can be 
captured in a local study using only three easily measured leaf traits using StrateFy even though 
StrateFy is calibrated using the global range of trait variation for these traits. This is important 
because these three leaf traits are particularly well represented in the TRY trait database [20]. 
In combination with large vegetation databases of community taxonomic composition and 
abundance, it should be possible to infer both the CSR vegetation structure and changes in such 
structure as a consequence of manipulations in soil fertility and disturbance regimes associated 
with land use. However, before this can be done it will be necessary to develop methods of 
quantitatively inferring net primary productivity (thus stress) and plant biomass destruction 
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(disturbance) from environmental variables and then quantitatively linking these to the CSR 
signature of the vegetation [21] 
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Chapitre 5  
- 
TAXONOMIC DIVERGENCE AND FUNCTIONAL CONVERGENCE ALONG 
EXPERIMENTAL GRADIENTS OF STRESS AND DISTURBANCE 
 
 
Description de l’article et contribution 
 
Chapters 2 and 3 investigated the structure of functional space occupancy within communities 
along a spatial gradient (species richness gradient) at both global and local scales. In this Chapter, 
we will investigate the structure of functional space occupancy between communities 
(functional dissimilarity between communities) and compare this to the more traditional patterns 
of species composition between communities (taxonomic dissimilarity between communities) 
along a temporal gradient (plant succession gradient). After decades of debate contrasting 
deterministic and historically contingent views of plant succession, ecologists now are trying to 
reconcile the two views by exploring when assembly history matters, because they recognized 
that both single stable equilibria (via deterministic processes) and multiple stable equilibria (via 
stochastic processes) could occur during plant succession. First, considering different 
perspectives of viewing community structure, they proposed a hypothesis that taxonomic 
community structure is historically contingent, while the functional community structure is 
deterministic. Second, considering the environmental conditions of local communities, they 
proposed another hypothesis that deterministic processes are more likely to occur in local 
communities experiencing high levels of stress and disturbance, while historical contingency is 
more likely to occur in local communities experiencing low levels of stress and disturbance. In 
this Chapter, we explicitly tested these two hypotheses reconciling the two views by 
investigating the taxonomic and functional dissimilarity between communities experiencing the 
same or different environmental conditions, and found empirical evidence for both hypotheses 
on the same experimental system as described in Chapter 3 and 4. Plant succession was more 
deterministic from a functional perspective but more historically contingency from a taxonomic 
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perspective, and the relative importance of historical contingency decreased as the environment 
became more stressed or disturbed. 
 
I conducted the experimental measurements, the statistical analyses and wrote the paper, with 
input from Bill Shipley. 
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Abstract 
 
We created 24 mesocosms containing mixtures of herbaceous species arranged along 
experimentally maintained gradients of stress (external abiotic constraints limiting biomass 
production) and disturbance (events causing partial or total biomass destruction) in order to 
determine the degree to which community assembly is deterministic or historically contingent 
during succession. In this seven-year experiment, we found taxonomic divergence and 
functional convergence during the last three years. Although communities became more 
functionally dissimilar as the difference in the level of stress increased, they were equally 
taxonomically different irrespective of the amount of difference between them in terms of stress 
and disturbance. In addition, comparing communities experiencing the same conditions, 
taxonomic community structure was more dissimilar as the levels of stress and disturbance 
decreased. Therefore, community assembly was largely deterministic from a functional 
perspective but more historically contingent from a taxonomic perspective, and the relative 
importance of taxonomic historical contingency decreased as the levels of stress and disturbance 
frequency increased. 
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taxonomic divergence, functional convergence, stress, disturbance 
 
Introduction 
 
Whether community structure is deterministic or historically contingent is still controversial 
(Chase 2003, Fukami et al. 2005, Helsen et al. 2012), and dates back to the debate between 
Clements (1916) and Gleason (1926) about plant succession. The deterministic view, rooted in 
Clements (1916), claims that local communities experiencing the same environments should 
converge to a single stable equilibrium, irrespective of the invasive sequence of species entering 
the locality. The single stable equilibrium is determined by the regional species pool and the 
local environmental conditions, and thus local communities experiencing different 
environmental conditions should diverge to different equilibria (Chase 2003). The alternative 
view, originating from Gleason (1926) and further developed by Diamond (1975), 
acknowledges the importance of historical contingency during the process of species’ arrival, 
which may dramatically affect the final community composition, and lead to a divergence of 
community structure among localities (multiple stable equilibria) even experiencing the same 
environmental conditions (Chase 2003). Historical contingency occurs when the invasive 
sequence of species entering the locality is stochastic and the earlier arriving species affect the 
establishment, growth or reproduction of later arriving species (priority effects). 
After decades of debate (Samuels and Drake 1997, Chase 2003), it is now recognized that both 
single stable equilibria (via deterministic processes) and multiple stable equilibria (via stochastic 
processes) could occur during plant succession. The challenge is to determine when assembly 
history matters (Chase 2003, Fukami et al. 2005). Two non-mutually exclusive hypotheses have 
been proposed to address this challenge by viewing community structure from taxonomic and 
functional perspectives (Fukami et al. 2005), and by considering the local environmental factors 
(Chase 2003). 
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Hypothesis 1: Taxonomic community structure is historically contingent, while the functional 
community structure is deterministic (Fukami et al. 2005). Taxonomic community structure 
refers to species composition, for example their distribution of relative abundance, while 
functional community structure refers to the distribution of different trait values possessed by 
the species within the community. This hypothesis assumes that local environmental conditions 
determine the selective advantage of trait combinations and functional groups (Díaz et al. 1999, 
Watkins and Wilson 2003, Shipley 2010), while the performance and population dynamics of 
species within each functional group, having similar degrees of selective advantage, are prone 
to stochastic processes causing historical contingency (Sutherland 1974, Drake 1990). Given 
hypothesis 1, we can make two predictions based on the dissimilarity between local 
communities experiencing the same or different environmental conditions. Prediction 1.1: 
considering local communities experiencing the same environmental conditions, functional 
dissimilarity will decrease over time (community structure is deterministic and will converge to 
single equilibrium from functional perspective), while taxonomic dissimilarity can remain 
constant or even increase over time (community structure is historically contingent and will 
diverge to multiple equilibria from taxonomic perspective). Prediction 1.2: considering local 
communities experiencing different environmental conditions, functional dissimilarity will 
increase with increasing levels of environmental difference because different environments 
select for different trait combinations, while taxonomic dissimilarity may remain constant (or 
show only a small increase comparing to functional dissimilarity) with increasing levels of 
environmental difference because species within the selected functional group are still prone to 
historical contingency. 
 
Hypothesis 2: a single stable equilibrium (via deterministic processes) is more likely to occur in 
local communities experiencing high levels of stress and disturbance, while multiple stable 
equilibria (via historical contingency) are more likely to occur in local communities 
experiencing low levels of stress and disturbance (Chase 2003). Stress refers to external abiotic 
constraints not caused by the vegetation itself (i.e. soil moisture and fertility) that limit biomass 
production (Grime 2001). Disturbance refers to events external to the vegetation causing partial 
or total biomass destruction (Grime 2001). Empirical studies on plant succession have shown 
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that taxonomic community structure does not always exhibit multiple equilibria (reviewed by 
Chase 2003); rather, this depends on levels of environmental stress and disturbance. According 
to hypothesis 2, as presented by Chase (2003), only a limited number of species (e.g. stress-
tolerators or ruderals) can persist at high levels of stress and disturbance (Grime 2001), reducing 
the probability of multiple stable equilibria. However, most species can potentially persist at 
low levels of stress and disturbance in the absence of interspecific competition. In this situation, 
the early-arriving species can significantly influence the establishment of later-arriving species 
(priority effects; Sutherland 1974), and thus create multiple stable equilibria. Given hypothesis 
2, as presented by Chase (2003), the taxonomic dissimilarity between local communities 
experiencing the same environmental conditions would decline as environments become 
increasingly stressful and disturbed (prediction 2). 
 
Despite the prominence of both deterministic and historically contingent views of plant 
succession in ecology, the two hypotheses reconciling the two views have rarely been 
experimentally tested. To our knowledge, only one experimental study (Fukami et al. 2005) has 
explicitly tested hypothesis 1 and did find functional convergence and taxonomic divergence 
during succession, consistent with prediction 1.1. However, Fukami et al. (2005) did not 
experimentally control the environmental conditions (but simply assumed identical 
environments between communities), and thus did not test hypothesis 1 on the basis of 
prediction 1.2 by investigating the dissimilarity between communities experiencing different 
environmental conditions. Helsen et al. (2012) tested hypothesis 1 on semi-natural grasslands 
of different restoration ages, but did not control environmental conditions either. In addition, no 
study has experimentally manipulated the gradients of stress and disturbance and explicitly 
tested their effects on community structure during plant succession (hypothesis 2). 
In order to test these two hypotheses reconciling deterministic and historically contingent views 
of plant succession, we created 24 herbaceous communities (mesocosms) along experimentally 
maintained gradients of stress and disturbance in 2009. We monitored species abundance each 
year from 2010 to 2016 and measured 15 functional traits on the 34 most abundant species that 
ever appeared in the mesocosms. We then calculated the taxonomic and functional dissimilarity 
for all pairwise combinations of these 24 mesocosms in each year and compared the 
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dissimilarity indices between mesocosms along the gradients of stress and disturbance during 
the seven-year succession. 
 
Materials and methods 
 
Experimental design 
 
The experimental system consisted of 24 mesocosms (112.5cm × 90cm × 36cm) maintained 
outside at the University of Sherbrooke, Quebec, Canada (45°26'19.000" N, 71°41'29.000" W) 
since 2009. The elevation is 241.40 m. The mean minimum monthly temperature is -18°C 
(January), the mean maximum monthly temperature is 25°C (July) and the annual precipitation 
is 1100 mm. There are a total of 1637 growing degree days (>5°C) per year. Each mesocosm 
was 0.5 m distant from its neighbor and each was conceptually divided into 80 cells (10cm × 
10cm) plus a 10cm border. Three levels of stress and four levels of disturbance, with two 
replicates of each treatment combination, were randomly assigned to the 24 mesocosms. Seeds 
of 30 herbaceous species (detailed information of these species are given in Li and Shipley 
2017), chosen to span a wide range of habitats and functional traits, were mixed in a proportion 
determined by their germination rates such that each species would have the same initial 
seedling density. The seed mixture was evenly broadcast over the soil surface of each mesocosm 
in 2009, therefore, the different mesocosms began with identical species compositions. After 
broadcasting, we allowed natural colonization, from the common soil seed bank and the 
surroundings. The three levels of stress (low, medium and high) were obtained by 3:1, 1:1 and 
1:3 mixtures of fertile garden soil and sand. A fixed amount of a local clay soil was also added 
and mixed to each mesocosm. The disturbance was applied to a cell by: (i) cutting the vegetation 
to ground level with the cut biomass being distributed throughout the mesocosm, (ii) cutting the 
soil to a depth of 10 cm along the edge of the cell to sever any shallow rhizomes, and (iii) lightly 
raking the soil surface. This disturbance was applied annually on 4 or 27 randomly selected cells 
per mesocosm (i.e. two levels of disturbance intensity), either once (at the beginning May) or 
twice (at the beginning of May and at the end of July) each year (i.e. two levels of disturbance 
frequency). Combining the effects of disturbance intensity and disturbance frequency, we 
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obtained four levels of disturbance (D04, D08, D27 and D54), indicating yearly average 
disturbances of 4, 8, 27 and 54 out of 80 cells per mesocosm. Further details of the experimental 
design are given in (Li and Shipley 2017). 
 
Species survey and trait measurement 
 
Species abundance (the number of rooted stems per species) in each mesocosm was recorded in 
each of 30 randomly sampled cells per mesocosm in late July, the peak of biomass production, 
annually from 2010 to 2016. Overall, 68 species (new species invaded) were found in the 24 
mesocosms during the seven-year succession but the 34 most abundant species accounted for 
99% of the total abundance. We grew five individuals each of these abundant species separately, 
one individual per pot, for trait measurements. The soil in each pot was the same as in the 
medium stress mesocosms. These pots were placed next to the mesocosms. After one growing 
season, we measured 15 traits on each plant individual from multiple organs (e.g. whole-plant, 
leaf, stem, root and seed) to maximize independency between the traits (Table C1; Laughlin 
2014). 
 
Measuring pairwise taxonomic and functional dissimilarity 
 
The taxonomic dissimilarity between each of the 276 pairwise combinations of 24 mesocosms 
was calculated using the Bray–Curtis index (Bray and Curtis 1957) 
. 
Here, xij and xik are the abundance of ith species in the two mesocosms (j, k), and S is the total 
number of species recorded in both mesocosms. Other taxonomic dissimilarity indices 
accounting for species (relative) abundance were calculated and compared in Figure C1. We 
only report the more well-known Bray-Curtis index in the main text since the results are similar 
between these indices. 
Taxonomic dissimilarity j,k( ) =
xij − xik
i=1
S
∑
xij + xik( )
i=1
S
∑
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For the functional dissimilarity between two mesocosms, we calculated the Jaccard (1912) index 
based on the functional volumes (Vj and Vk) occupied by each pair of mesocosms, as defined in 
(Villeger et al. 2011): 
. 
Here, Vj∩Vk (intersection) is the functional volume occupied by both mesocosms (analogous 
to the number of species in common in the two mesocosms), and Vj∪Vk (union) is total 
functional volume occupied by either mesocosm (analogous to the total number of species in 
the two mesocosms). This functional dissimilarity index, like taxonomic dissimilarity, ranges 
from zero (when the two functional volumes are perfectly overlapping) to one (when the two 
functional volumes do not intersect). A functional space is an n-dimensional space whose axes 
are functional traits. Each species occurring in a mesocosm was projected onto the functional 
space as a single point defined by its species mean trait values. The functional volume occupied 
by a given mesocosm was estimated from a set of points, using a hypervolume method 
("hypervolume" package in R, Blonder et al. 2014) with a quantile threshold of 0.05, 1000 
Monte Carlo samples per data point, and a fixed kernel bandwidth of 0.5SD (Blonder et al. 2014, 
Lamanna et al. 2014, Li et al. 2017).  Justification for these constants is given in (Li and Shipley 
2017).  Although we measured 15 different functional traits, these traits are not mutually 
independent. We applied a variety of methods to quantify the intrinsic dimensionality of our 
trait data (Laughlin 2014), which ranged between one and six with the median of four (Table 
C2). Therefore, the functional volume occupied by each mesocosm was quantified in a four-
dimensional composite trait space defined by the first four PCA axes, which accounted for 70% 
of trait variation. We also repeated the calculation of functional dissimilarity in three- and five-
dimensional spaces, but we only report the results in the four-dimensional PCA space since the 
results were similar (Figure C2). 
 
Statistical analyses 
 
Functional dissimilarity j,k( ) = 1− Vj Vk∩Vj Vk∪
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We tested the variation over years of both taxonomic and functional dissimilarity between 
mesocosms under the same environmental conditions using ANOVAs (prediction 1.1), in which 
“year” was treated as a factor variable. Since dissimilarity between each unique pair of 
mesocosms was repeatedly measured over years, we used a linear mixed-effects model with 
repeated measures nested within each unique mesocosm pair ("nlme" package in R; Pinheiro et 
al. 2017).  
 
Since we do not know how long it takes for the communities in these mesocosms to reach their 
equilibria (single or multiple), the following analyses were done for dissimilarity in the last year 
(2016) to test the cumulative effects of deterministic processes or historical contingency on the 
final community structure during plant succession. In order to test for variation over different 
treatment environments, we first quantified the degree of environmental difference between a 
given pair of mesocosms. This degree of environmental difference was treated as an ordinal 
variable. First, we assigned a score of 1, 2 and 3 to low stress (SL), medium stress (SM) and 
high stress (SH), and then calculated the level of stress difference between the two mesocosms 
as the absolute difference between the stress score of the two mesocosms. Therefore, the stress 
difference between two mesocosms experiencing the same stress level (e.g. SL and SL) is 0, 
between two neighboring stress levels (e.g. SL and SM) is 1, between and between two extremes 
(e.g. SL and SH) is 2. The degree of disturbance difference between two mesocosms was scored 
in the same way and ranged from 0 to 3. We then used two-way ANOVAs to test the trend of 
the dissimilarity across the levels of stress difference and disturbance difference between 
mesocosm pairs (prediction 1.2). Finally, we tested for variation of taxonomic dissimilarity 
experiencing the same environmental conditions along the gradients of stress and disturbance 
(prediction 2). We logit transformed the dissimilarity indices (between 0 and 1) to insure 
normality of the residuals, as judged from normal quantile – quantile plots. All the analyses 
were done in R 3.4.1 (Team 2017). 
 
Results 
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The taxonomic dissimilarity between replicate mesocosms (i.e. experiencing the same 
environmental conditions) changed significantly over time, increasing from 2010 to 2014 and 
then remaining relatively constant from 2014 to 2016 (Figure 5.1a). The functional dissimilarity 
between these mesocosms also changed significantly over time, increasing at the beginning 
(2010-2014) but then declining from 2014 to 2016 (Figure 5.1b).  
 
 
 
Figure 5.1 Temporal variation of taxonomic (a) and functional (b) dissimilarity between 
mesocosms experiencing the same environmental conditions. Analyses of 
variance with linear mixed-effects model showed that both taxonomic (F6,66 
=24.78, p<10-14) and functional (F6,66 =11.11, p<10-7) dissimilarity changed 
significantly over time. To see if there was any linear trend over the last three 
years, we fitted linear mixed-effects models using the last three years and treating 
year as a numeric variable. Taxonomic dissimilarity did not change significantly 
over last three years (t23 = 1.55, p=0.136), while functional dissimilarity declined 
over last three years (t23 = -3.00, p=0.006). 
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When comparing pairs of mesocosms experiencing different levels of environmental difference 
at the same temporal endpoint (2016), mesocosms in the pair were equally taxonomically 
dissimilar irrespective of the levels of difference in either stress (p=0.691 and Figure 5.2a) or 
disturbance (p=0.912 and Figure 5.2b). In contrast, functional dissimilarity increased between 
the pair as the amount of difference in the level of stress between them increased (p<0.001 and 
Figure 5.2c), but not with increasing levels of disturbance difference (p=0.733 and Figure 5.2d). 
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Figure 5.2 Variation of taxonomic dissimilarity (a, b) and functional dissimilarity (c, d) in 
2016 between pairs of mesocosms experiencing different levels of environmental 
difference as a function of the amount of difference between the pair in terms of 
stress (a, c) and disturbance (b, d). Since the interaction effects of stress 
difference and disturbance difference on taxonomic dissimilarity (p=0.826) and 
functional dissimilarity (p=0.807) are not significant, we display their effects 
separately here. Letters refer to significant differences among pairwise 
comparisons (Tukey’s HSD: p<0.05). 
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When comparing pairs of mesocosms experiencing the same levels of stress or disturbance, 
taxonomic dissimilarity in 2016 between these pairs declined as the levels stress (Figure 5.3a) 
and disturbance increased (Figure 5.3b). Specifically, taxonomic dissimilarity only declined 
significantly as disturbance frequency increased (disturbed once or twice a year) but did not 
change as disturbance intensity increased (4 or 27 cells disturbed once). 
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Figure 5.3 Variation of taxonomic dissimilarity between mesocosms experiencing the same 
environmental conditions in 2016 along ordinal gradients of stress (a) and 
disturbance (b). The stress gradient consisted of a 3:1 (SL), 1:1 (SM) and 1:3 
(SH) mixture of organic garden soil to sand. The disturbance gradient consisted 
of yearly average disturbances of 4 (D04), 8 (D08), 27 (D27) and 54 (D54) out 
of 80 cells per mesocosm. We separately analyzed and displayed the variation of 
taxonomic dissimilarity between mesocosms experiencing either the same level 
of stress or the same levels of disturbance because we have no replicates for 
dissimilarity between mesocosms experiencing the same level of stress and 
disturbance. Taxonomic dissimilarity changed significantly along the gradients 
of stress (F2,81=5.32, p=0.007) and disturbance (F3,56=3.25, p=0.028). We further 
tested the separate effects of disturbance intensity and disturbance frequency on 
taxonomic dissimilarity. Taxonomic dissimilarity only declined significantly 
(p=0.004) as disturbance frequency (disturbed once or twice a year) increased 
but did not change (p=0.676) as disturbance intensity (4 or 27 cells disturbed 
once) increased. Letters refer to significant differences among pairwise 
comparisons (Tukey’s HSD: p<0.05).  
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Discussion 
 
Variation of dissimilarity over time (prediction 1.1) 
 
At start of the experiment (the year before the first vegetation survey), the mesocosms had 
identical species composition (dissimilarity = 0). The initial divergence during the first four 
years was driven by a combination of species sorting and species’ invasions in the different 
treatments (Li and Shipley 2017). For instance, Acalypha rhomboidea Raf, was one of several 
species that invaded some mesocosms in 2014. The invasive success of this species was not 
determined by local environments, since we found over 100 individuals of the species in one 
mesocosm but none in its replicate mesocosm. In other words, the sequence of species invasions 
(historical contingency) in different mesocosms was an important driver of the initial divergence 
(both taxonomic and functional). However, Acalypha rhomboidea alone was not responsible for 
the jump in taxonomic dissimilarity between 2013 and 2014 since the same pattern occurs even 
if we excluded this species from the analyses (Figure C3). The jump in taxonomic dissimilarity 
between 2013 and 2014 was likely due to the greatest number of species invasions and 
extinctions during that year. The initial divergent trend in our experiment was not found in either 
Fukami et al. (2005)’s experimental system or in Helsen et al. (2012)’s semi-natural system 
because the community structures in those studies were already divergent from the beginning 
(different initial species compositions). Since 2014, our mesocosms remained taxonomically 
divergent and did not change in the level of dissimilarity but did begin to functionally converge. 
These patterns taxonomic divergence and functional convergence over the last three years of the 
experiment are the same as found by Fukami et al. (2005) and Helsen et al. (2012). It supported 
Fukami et al. (2005)’s argument that priority effects collectively caused the high degree of 
taxonomic divergence to persist over time in the face of functional convergence generated by 
trait-based deterministic processes governing community assembly. 
 
Variation of dissimilarity with increasing environmental differences (prediction 1.2) 
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Hypothesis 1 not only predicts taxonomic divergence and functional convergence over time 
(prediction 1.1), but also predicts an increasing trend of dissimilarity as the levels of 
environmental difference increase (prediction 1.2). However, no experimental study has 
explicitly tested this prediction by manipulating levels of environmental difference and 
measuring both taxonomic and functional dissimilarity. In our experimental study, for the first 
time, we found evidence for hypothesis 1 based on prediction 1.2. First, mesocosms were more 
functionally dissimilar as the levels of stress difference between mesocosms increased; i.e. 
functional community structure seemed to be diverging to different functional states when 
experiencing different environmental conditions. This is consistent with the finding that 
different CSR strategies based on three leaf traits (leaf area, specific leaf area and leaf dry matter 
content) were favored in mesocosms experiencing different levels of stress and disturbance (Li 
and Shipley 2017). These results were based on species mean trait values and so ignored 
intraspecific trait variability caused by phenotypic plasticity or genetic diversity. Including this 
intraspecific trait variability might strengthen our evidence for different functional states in 
different environmental conditions since species under different environmental conditions 
might display different traits due to genetic diversity and phenotypic plasticity. This speculation 
requires further experimental study including intraspecific trait variability to test. Second, 
taxonomic dissimilarity did not change significantly with increasing differences in the levels of 
stress or disturbance. Although different environments favored different functional groups, 
species composition within each functional group was historically contingent. Therefore, 
replicate mesocosms experiencing the same levels of stress or disturbance were just as 
taxonomically different as mesocosms experiencing different levels of stress or disturbance. 
These results further supported the conclusion that taxonomic community structure was 
historically contingent while functional community structure was more deterministic 
(hypothesis I). 
 
Variation of taxonomic dissimilarity along gradients of stress and disturbance (prediction 2) 
 
We concluded above that taxonomic community structure was historically contingent on 
average along the gradients of stress and disturbance. However, would the relative importance 
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of historical contingency change along the gradients (hypothesis 2)? In our experiment, 
taxonomic community structure was more dissimilar between mesocosms under low levels of 
stress and disturbance frequency. Therefore, priority effects were more significant, and thus 
more likely to create multiple stable equilibria at low levels of stress or disturbance frequency 
(Chase 2003). Stress-tolerators or ruderals, sensu Grime (2001), were more favored at high 
levels of stress or disturbance (Li and Shipley 2017), which were more abundant in mesocosms 
with lower amounts of taxonomic dissimilarity and, presumably, had less likelihood to have 
multiple stable equilibria (Chase 2003). In contrast, the centrifugal model (Keddy and 
MacLellan 1990, Keddy 2017), predicts taxonomic convergence to a few larger canopy-forming 
plants at low levels of stress (high level of productivity), because light availability deeper in the 
canopy was the main constraint. This prediction was not observed in our experiment, perhaps 
because of  a lack of strong competitors (tall plants) in the species pool or some unknown stress 
factors in our experiment (Li and Shipley 2017). Differentiating the contrasting predictions 
between Chase (2003) and Keddy and MacLellan (1990) will be an important next step. 
Our study experimentally tested two important hypotheses reconciling the deterministic and 
historically contingent views of plant succession. It not only independently confirmed the 
observational results of  Fukami et al. (2005) and Helsen et al. (2012), but also provided more 
comprehensive tests by experimentally manipulating gradients of stress and disturbance. In our 
experiment, functional community structure was deterministic, while taxonomic community 
structure was more historically contingent, especially at low levels stress and disturbance. The 
next step will be to test these hypotheses in natural systems with known, quantifiable and 
comparable environmental factors, in order to assess the generality of these findings. 
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Chapitre 6  
- 
DISCUSSION GÉNÉRALE ET CONCLUSION 
 
General results and conclusions 
 
In this thesis, I have investigated the structure and dynamic of functional space occupancy along 
spatial (Chapter 2 and 3) and temporal gradients (Chapter 5). 
 
I first provided a global view of functional niche occupancy, by quantifying the three functional 
niche occupancy metrics (Chapter 2) and by deriving the mathematical equation linking species 
richness with these metrics. Both the total functional volume and functional overlap increased 
with increasing species richness while the functional overlap did not change significantly. These 
trends were also obtained on an experimentally controlled system at local scales (Chapter 3). In 
fact, the global and local studies were mirrors of each other, with the strength of one being the 
weaknesses of the other. They together provided us a more comprehensive and robust picture 
of functional niche occupancy from species-poor to species-rich communities. On one hand, the 
global study was based on a collection 21 datasets, spanning tropical to temperate biomes, and 
consisting of 313 plant communities representing different growth forms. Species richness of 
local communities between datasets varied from about 10 species in arid steppes to around 100 
species in tropical rain forests. The large species richness gradient and inclusion of different 
growth forms in the global study, which was the limitation in local study, provided much more 
general and representative conclusions about the pattern of functional niche occupancy. On the 
other hand, the spatial community size (1m2) and the trait-sampling efforts (all traits were 
measured on 5 individuals per species per community were constant in the local study, which 
in contrast varied greatly between datasets in the global study. Together, they ensured the 
robustness of the conclusion about functional niche occupancy.  
 
In terms of the processes of community assembly generating the species richness gradient and 
the observed pattern of functional niche occupancy, we found evidence for habitat filtering (both 
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abiotic and biotic filtering) in both the global and local studies. In the global study (Chapter 2), 
it was difficult to distinguish the abiotic and biotic filters, since both could reduce the total 
functional niche volume, comparing to the neutral expectation. In the local study (Chapter 3), 
all species in the species pool were supposed to survive along my experimental gradients of 
stress and disturbance, and thus the total functional niche volume was not reduced by abiotic 
filters even at high levels of stress and disturbance. More functional overlap than the neutral 
expectation was due to competition exclusion mediated by equalizing mechanisms (biotic filter) 
rather than stabilizing mechanisms (limiting similarity). Therefore, abiotic filters seemed to be 
more important at a large spatial scale with much wider environmental gradients, while the 
biotic filter was more important at small spatial scales with narrower environmental gradients. 
In contrast, we did not find evidence for limiting similarity either in global or in local study. In 
the global study, the spatial community size might not be fine enough to detect the neighborhood 
pattern of niche differentiation, since it is possible that more distant individuals in the same local 
community did not really compete each other. This issue was addressed in the local study where 
the spatial community size was constant and small (1m2), however, evidence for limiting 
similarity was still not detected. Therefore, the absence of limiting similarity was not due to 
inappropriate spatial scales, but was probably because limiting similarity was indeed not 
important in determining the pattern of functional niche occupancy or because other factors 
related to niche differentiation (e.g. the dimensionality of the functional space) were not 
considered. 
 
The above paragraphs discussed the structures of functional space occupancy within local 
communities (the total functional volume, the functional overlap and the average functional 
volume) along the spatial gradient (Chapter 2 and 3). The structure of functional space 
occupancy between local communities (functional dissimilarity) along the temporal gradient 
was investigated in Chapter 5. At the beginning, since all of the meocosms had the same initial 
species composition, they all occupied the same region in functional space (functional 
dissimilarity = 0) and in taxonomic space (taxonomic dissimilarity = 0). Then, the functional 
space occupied by the mesocosms, even those experiencing the same environmental conditions, 
became divergent (functional dissimilarity increases), driven by a combination of species 
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sorting and species’ invasions in the different treatments. After that, the functional space 
occupied by the mesocosms started to converge (functional dissimilarity declines) while 
taxonomic composition remained divergent. Therefore, the final functional space occupied by 
the mesocosms was determined by the local environmental conditions, irrespective of the 
historical sequence of species entering the locality (priority effects). This conclusion was further 
supported by the result that mesocosms experiencing more different environments occupied 
more different functional spaces. In other words, functional community structure seemed to be 
converging to different functional states when experiencing different environmental conditions. 
which was consistent with the finding that different CSR strategies based on three leaf traits 
(leaf area, specific leaf area and leaf dry matter content) were favored in mesocosms 
experiencing different levels of stress and disturbance (Chapter 4). 
 
In conclusion, the structures of functional space occupancy within (the total functional volume, 
the functional overlap and the average functional volume; Chapter 2 and 3) or between local 
communities (functional dissimilarity, Chapter 5) are deterministic rather than neutral (or 
historical contingency). Stress-tolerators were more favored in high stress communities, while 
ruderals are more favored in high disturbed mesocosms (Chapter 4). 
  
Limitations and perspectives 
 
The Hutchinsonian niche (or Grinellian niche) defines the environmental conditions in which a 
species has positive fitness and thus can survive and persist (Grinnell, 1917; Hutchinson, 1957). 
Two species can coexist only when their realized niches do not overlap (competition exclusion 
principle; Gause, 1934; Hutchinson, 1957) or there must a degree of niche differentiation 
between them (limiting similarity; Abrams, 1983; MacArthur and Levins, 1967). In contrast, 
the functional niche (or Eltonian niche) defines the appropriate strategies (trait combinations) 
that a species adopts in order to have positive fitness under a given environment (Devictor et al., 
2010; Elton, 1927; Rosenfeld, 2002). Although ecologists have long understood that phenotypic 
differences (trait differences) between species play an important role in maintaining species 
diversity within communities, the mechanisms of how these differences affect species 
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coexistence still remain unresolved (Adler et al., 2013; Chesson, 2000). Trait differences give 
some species fitness advantage over other species and cause competitive exclusion on one side, 
while preventing competitive exclusion through niche differentiation on the other side. Perhaps, 
fitness differences and niche differentiation might be correlated with distinct sets of functional 
traits (Mayfield and Levine, 2010). For instance, Swenson and Enquist (2009) found that 
variation of specific leaf area and wood density was under-dispersed, consistent with fitness 
differences, while variation of seed mass was over-dispersed, reflecting niche differentiation. 
The reason we did not observe the pattern functional niche occupancy driven by limiting 
similarity (Chapter 2 and 3), might be that the traits included in my studies were most correlated 
with fitness differences rather than niche differentiation. Therefore, future studies on functional 
niche occupancy should include other important traits (e.g. secondary compounds, root, 
phenological and seed traits) reflecting important functional axes (Ricklefs and Marquis, 2012) 
on which species might be divergent, or directly investigate the patterns of Hutchinsonian niche 
occupancy rather than functional niche occupancy. 
 
However, I suspect that fitness differences and niche differentiation will be correlated with 
distinct sets of functional traits. Instead, any trait difference is likely to influence both fitness 
differences and niche differentiation, even it has a stronger net effect on one (Cornwell and 
Ackerly, 2009; Kraft et al., 2008). In what follows, I will attempt to link traits differences and 
the species dynamic model to better understand how equalizing and stabilizing mechanisms of 
species coexistence operate simultaneously. The equalizing and stabilizing mechanisms were 
first explicitly proposed by Chesson (2000) in the following dynamic model (described in 
Chapter 1): 
 
where ki measures the fitness of species i,  is the average fitness of residents, ρi is niche overlap 
between species i and other species, ri is the intrinsic rate of increase of species i and D is a 
positive constant. Although equalizing mechanisms may reduce fitness differences between 
species (the first term on the right-hand side of the equation) and slow down competitive 
exclusion, it alone cannot lead to stable coexistence because the equalizing term cannot be 
1
Ni
dNi
dt
= ri ki − k( )+ ri
1− ρi( )D
S −1
k
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positive for all species. However, it can promote species coexistence in the presence of 
stabilizing mechanisms (the second term on the right-hand side of the equation). Linking fitness 
differences and traits differences is straightforward: the fitness of a species (ki) could be a 
function of the distance between the optimum trait values (the black star in Figure 6.1) 
determined by a given environment and the actual trait values of species i. The species (blue 
one in Figure 6.1) with trait values closest to the optimum will have the highest fitness, and will 
exclude all its competitors if we do not consider the stabilizing mechanisms. To get stable 
coexistence, we need niche differentiation to be sufficient to overcome the fitness differences. 
For instance, the species (red one) with lowest fitness (farthest to the optimum trait values) will 
be first excluded in absence of stabilizing mechanisms. However, this species has no overlap 
with any other species (ρ=0) and thus maximize the stabilizing term, which might be sufficient 
to overcome its fitness disadvantage and coexist with the other species. Stable coexistence 
occurs when this condition (sufficient niche differentiation to overcome fitness differences) is 
satisfied for all species within the communities.  
 
 
Figure 6.1 An example showing how trait differences between species are linked to 
equalizing and stabilizing mechanisms of species coexistence. Each circle 
represents a functional niche occupied by one species in two-dimensional space. 
The black star indicates the position of optimum trait values determined by a 
given environment. 
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The amount of niche overlap (ρ) should decline as the dimensionality of functional niche space 
increases, which strengths the effect of stabilizing mechanisms and promotes species 
coexistence in high-dimensional functional niche spaces. This leads to an important question 
which was not considered in my thesis so far – how the dimensionality of the functional space 
affects the pattern of functional niche occupancy and species coexistence. All the conclusions 
based on the pattern of functional niche occupancy were made in two-dimensional spaces, which 
might underestimate the degree of niche differentiation (Rosenfeld, 2002). For instance, assume 
two species that are completely differentiated in three-dimensional space (Figure 6.2). If we 
project them in two-dimensional space (e.g. the x-y plane), we would obtain a different degree 
of niche overlap which does not exist in the three-dimensional space. The absence of limiting 
similarity in my studies was possibly because we did not investigate the pattern of functional 
niche occupancy in a sufficiently high-dimensional functional space. This idea is consistent with 
the multi-dimensional nature of species coexistence, supported by an empirical study (Kraft et 
al., 2015). Kraft et al. (2015) found that single functional traits (one-dimensional functional 
spaces) were often correlated with average fitness differences while niche differentiation could 
only be described by combinations of traits (multi-dimensional functional spaces). Therefore, 
investigating the patterns of functional niche occupancy in high-dimensional spaces including 
more functional traits can help us better understand the mechanisms of species coexistence and 
is worth trying in future studies. Two important issues should be considered when investigating 
the patterns of functional niche occupancy in high-dimensional spaces. First, more functional 
traits do not necessarily mean high dimensionality of functional space because of correlations 
between the traits (Díaz et al., 2016; Wright et al., 2004) and a possible existence of an upper 
limit to the dimensionality of plant traits (Laughlin, 2014). To minimize the number of traits 
while maximizing the dimensionality of functional traits, Laughlin (2014) recommended to 
measure traits from multiple organs whenever possible. Second, a larger number of individuals 
per species are required to achieve a robust estimate of species’ functional volume in high-
dimensional functional space (Blonder et al., 2014). Therefore, investigating the patterns of 
functional niche occupancy in high-dimensional spaces requires not only more independent 
traits being measured, but also more individuals per species being sampled for measurements of 
these traits. 
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Figure 6.2 An example of how the dimensionality of niche space affects the observed niche 
overlap between species. The red and blue spheres represent niche volumes 
occupied by two species, which are completely differentiated in three-
dimensional space. A different amount of niche overlap will be observed if they 
were projected in two-dimensional space.  
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 ANNEXES A 
- 
APPENDICES TO CHAPTER 2 
 
Table A1 List of datasets included in the study. 
 
Datasets Contact person(s) References 
Alzette Vincent Jung (Jung et al. 2010) 
Arboretum Brandon S. Schamp Unpublished 
Baltic Marie Vandewalle 
Honor C. Prentice 
(Le Bagousse-Pinguet et al. 2014) 
Brazil Marcus V. Cianciaruso (Laureto & Cianciaruso 2015; unpublished) 
ECWP Cédric Frenette Dussault (Frenette-Dussault et al. 2012) 
Emas Vinícius de L. Dantas 
Marco Antônio Batalha 
(Dantas et al. 2013) 
Franz Daniel C. Laughlin 
Sarah J. Richardson 
(Laughlin et al. 2015) 
Greenlakes Andrew Siefert (Siefert 2012) 
Hakkoda Chiho Kamiyama 
Tohru Nakashizuka 
Kouki Hikosaka 
Takehiro Sasaki 
Masatoshi Katabuchi 
(Sasaki et al. 2014) 
Hezuo Yuanzhi Li 
Ning Chen 
Unpublished 
New Zealand Jake Overton 
Mark Westoby 
Unpublished 
Niwot Marko J. Spasojevic (Spasojevic & Suding 2012) 
Oldfields Andrew Siefert (Siefert et al. 2014) 
Panama Julie Messier (Messier et al. 2010) 
Puketi Daniel C. Laughlin (Jager et al. 2015) 
Saaremaa Jodi N. Price 
Antonio Gazol 
Riin Tamme 
(Price et al. 2016) 
Saisies Stephanie Gaucherand (Gaucherand & Lavorel 2007) 
Sherbrooke Yuanzhi Li 
Bill Shipley 
(Li & Shipley 2017) 
Sierra Christian Schöb (Schöb et al. 2012) 
Spain Nicolas Gross (Gross et al. 2013) 
Theix Frédérique Louault (Louault et al. 2005) 
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Table A2 Linear mixed-effects models for relationships between the standard effect size 
(SES) of each niche occupancy metric (T for total functional volume, O for 
functional overlap, A for average functional volume) and species richness (S). In 
each model, random variation of intercepts between datasets was allowed and 
random variation of slopes was included if it significantly improved the model 
(p<0.05). Numbers in brackets are the standard deviations of slopes between 
datasets if applicable. Abbreviations: vegetative height (VH), specific leaf area 
(SLA), leaf dry matter content (LDMC), leaf area (LA), leaf carbon concentration 
(LCC), leaf nitrogen concentration (LNC), specific stem density (SSD), bark 
thickness (BT), diameter at ground/breast level (DGH). 
 
Functional 
spaces 
SES_T SES_O SES_A 
Slope P-value Slope P-value Slope P-value 
SLA~LDMC -0.028 (0.036) 0.047 0.014 (0.042) 0.340 -0.004 0.851 
LA~SLA -0.013 0.069 0.021 (0.024) 0.034 0.002 0.831 
VH~SLA -0.023 0.010 0.01 (0.081) 0.704 0.023 0.010 
VH~LDMC -0.022 0.017 0.002 (0.084) 0.956 0.001 0.981 
LA~LDMC -0.006 0.533 0.035 0.003 -0.028 0.281 
VH~LA -0.020 0.011 0.014 (0.039) 0.384 -0.001 0.989 
SSD~BT 0.168 (0.277) 0.315 0.161 <0.001 0.169 <0.001 
SSD~DGH -0.033 0.021 0.109 <0.001 0.097 <0.001 
LCC~LNC -0.011 0.345 0.019 0.154 0.017 0.258 
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Figure A1 Geographic distribution of the 313 local communities. Tropical biomes are 
represented by sites from Barro Colorado Island (tropical forest) and Brazil 
(tropical forest and tropical savanna). 
 
A1 Mathematical formulae for niche occupancy metrics 
 
The total functional volume (T) of the entire community of S species is calculated as the union 
of the S hypervolumes:  
 
where Ni indicates the functional volume occupied by ith species in that community. The 
functional overlap (O) between the species within the community is the sum of the intersections 
among the hypervolumes weighted by its level of intersection: 
 
where Oi is the intersection occupied by (i+1) species. The average functional volume per 
species (A) is the mean of the individual hypervolumes of each species: 
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O = i ⋅Oi
i=1
S−1
∑ = Ni N j∩
1≤i< j≤S
∑ + −1( )3 Ni N j Nk∩∩ + ...+ −1( )S N1 ...∩ NS∩
1≤i< j<k≤S
∑
	 135	
 
The three functional volume metrics (T, O, A) are related to species richness (S) through the 
inclusion-exclusion principle:
 
 
By replacing the union and intersection with the metrics, then we obtain 
. 
 
A2 Parameter settings of the hypervolume method 
 
Estimation of the hypervolume from a set of observations can be achieved by a kernel density 
procedure, which was used for single trait analysis (Mouillot et al. 2005; Mason et al. 2011). 
Blonder et al. (2014) extended this procedure to multi-dimensional space. This approach 
requires the specification of three parameters: the quantile threshold, the number of Monte Carlo 
samples per data point, and the kernel bandwidth. 
 
Quantile threshold 
 
The quantile threshold (a) indicates the proportion (1-a) of the total probability density enclosed 
by the hypervolume. We fixed this value at a=0.05 for all species to let them include same 
proportion of the total probability density (95%) and can be considered analogous to a 95% 
“confidence interval”. 
 
Number of Monte Carlo samples per data 
 
The hypervolume calculated each time is not exactly the same because of the Monte Carlo 
integration procedure, but the coefficient of variance (CV, standard deviation divided by mean) 
A =
Ni
i=1
S
∑
S
 
Ni
i=1
S
∪ = Ni
i=1
S
∑ − Ni N j∩
1≤i< j≤S
∑ + −1( )3 Ni N j Nk∩∩ + −1( )S N1 ...∩ NS∩
1≤i< j<k≤S
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S = T +OA
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of the repeatedly calculated hypervolumes decreases rapidly with an increasing number of 
Monte Carlo samples (n) and becomes very small when n reaches 1000 for both real data (Figure 
A2a and A2c) and simulated data (Figure A2b and A2d). Since we always used 1000 sampling 
points in the Monte Carlo integration, the hypervolume estimates are expected to be repeatable 
despite small variation. 
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Figure A2 Relationship between the coefficient of variance (CV, standard deviation divided 
by the mean) of repeatedly calculated hypervolumes and the number of Monte 
Carlo samples (n) for one set of real data (a and c) and one set of simulated data 
(b and d). The real data come from the specific leaf area (SLA) and leaf dry matter 
content (LDMC) values (log transformed and standardized) of a species (Bromus 
inermis) from one local community in one dataset. The simulated data come from 
15 randomly sampled points of a unit circle. 
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The hypervolume estimation is sensitive to the choice of the kernel bandwidth: a smaller 
bandwidth will lead to a smaller hypervolume with more observations appearing disjoint from 
others, while a larger bandwidth for the same data set will lead to a larger hypervolume with 
more observations appearing to be connected (Blonder et al. 2014). We calculated the two-
dimensional hypervolume of specific leaf area (SLA) and leaf area (LA) for each species having 
measurements of these traits using both the hypervolume of 0.5 SD bandwidth and the convex 
hull. The volume calculated from the two approaches are highly correlated (r2=0.83, Figure 
A3c), consistent with Lamanna et al. (2014)’s test. We repeated this analysis using a fixed 
bandwidth of the median intraspecific variation, and found that the hypervolumes constructed 
with different fixed bandwidths are also highly correlated (r2=0.85, Figure A3d). We displayed 
the two geometries for the volume occupied by one species with outliers (red circle) to 
demonstrate the sensitivity of the convex hull to extreme values of some individuals. The convex 
hull estimation presents a highly inflated volume because a large “empty” space is included 
(Figure A3a), while the hypervolume method does not count this “empty” space (Figure A3b). 
Although the hypervolume approach cannot give the actual functional volume occupied by one 
species (convex hull cannot either), the functional volume as well as the niche occupancy 
metrics based on that are comparable along the species richness gradient as long as we choose 
the same reasonable parameters. 
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Figure A3 Comparison of the fixed bandwidth hypervolume approach and the convex hull 
approaches for all species with available data for leaf area (LA) and specific leaf 
area (SLA) in our datasets (c and d). HYP1 represents hypervolumes constructed 
with bandwidth of 0.5 SD, while HYP2 represents hypervolumes with the median 
intraspecific trait variation bandwidth. Two different geometries of the 
hypervolume of a specific species (with extreme trait values) are displayed (a and 
b) demonstrating the sensitivity of the convex hull approach to outlier points. 
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Sample size (number of observations) 
 
Although the hypervolume method can be used with any number of observations (m) regardless 
of dimensionality (n), calculation with few observations per dimension (m/n) will be more 
sensitive to the choice of bandwidth (Blonder et al. 2014). This was one of the reasons why we 
did not carry out the analyses in high-dimensional functional spaces and also the reason why we 
combined the sampling units into communities when necessary – in order to obtain an adequate 
number of individuals for the analyses. 
 
To test the effect of sample size on functional volume (and the niche occupancy metrics) 
estimated by fixed bandwidth hypervolume and convex hull, we generated different numbers of 
random points (3-20) from two unit circles whose centers are at (0,0) and (1,0) with known T, 
O and A (5.05, 1.23 and 3.14, Figure A4a). We calculated T, O and A with different numbers of 
points and repeated the calculation 100 times to obtain the mean and standard deviation of the 
metrics for different sample sizes. All three metrics (T, O and A) increased towards their true 
values as we increased the number of observations (Figure A4b). Both the fixed bandwidth 
hypervolume and the convex hull underestimated the true values, while the hypervolume 
method with a fixed bandwidth of 0.5 SD produced a relatively better estimate than the convex 
hull and smaller fixed bandwidths (0.3 SD and 0.1 SD). These tests supported our choice of a 
fixed bandwidth of 0.5 SD for sampling size between 3 and 20 (the mean number of individuals 
per species per community in our study is within this interval, Table A3). 
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Figure A4 Comparison of the fixed bandwidth hypervolume and convex hull approaches 
quantifying niche occupancy metrics (T for total functional volume, O for 
functional overlap and A for average functional volume). Data were sampled 
from two unit-circles at (0, 0) and (1, 0) and the true value of metrics (T, O and 
A) was calculated using basic geometry. The observed metrics were calculated 
using the convex hull (CONVEX), and hypervolume approaches (HYP1 (0.1 
SD), HYP2 (0.3 SD) and HYP3 (0.5 SD)) with simulated data using different 
sample sizes. 
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Table A3 Detailed information of (combined) communities and trait sampling efforts 
within each dataset. A community was defined as the sampling unit (e.g. a 
quadrat or a plot) used within each dataset, but we combined several neighboring 
sampling units (e.g. within the same stratum, same transect or same site) as a 
combined community when the traits were not measured per sampling unit (e.g. 
Alzette), or when the dataset included many rare species per sampling unit (e.g. 
Brazil). The percentage of species per (combined) community sampled for trait 
measurements are given as a percentage of the total species richness (a) or as a 
percentage of the total abundance (b). The mean number of individuals per 
species per (combined) community indicates the number of observations used to 
estimate the functional volume for each species in each (combined) community. 
 
Datasets Ecosystems 
 Community size Traits sampling effort 
size of 
sampling 
unit (m2) 
number of sampling 
unit per (combined) 
community 
species sampled 
per (combined) 
community (%) 
mean number of 
individuals per species per 
(combined) community 
Alzette flood meadows 1 10 ~100a 10 
Arboretum old field 0.2 75 ~100a 14 
Baltic limestone grasslands 0.2 5 ~100a 4 
Brazil tropical savanna / seasonal dry forest 100-1000 10 ~100a 6 
ECWP arid steppe 400 5/10 >90a 34 
Emas tropical savanna / tropical forest 25 20/100 ~100a 7 
Franz temperate rainforest 78.5 1 ~100a 5 
Greenlakes temperate grassland 1 1 >60a 5 
Hakkoda subalpine moorland  1 10 ~70a 10 
Hezuo subalpine meadow 0.25 1 ~100a 5 
New Zealand temperate shrubland and forest 400 1 ~100a 5 
Niwot alpine tundra 1 81 ~100a 10 
Oldfields temperate grassland 1 20 >80b 4 
Panama tropical lowland rainforest 400 4/8 ~100a 3 
Puketi temperate forest 400 1 ~100a 3 
Saaremaa alvar grassland 0.01 100 >60a 15 
Saisies subalpine grassland 100 1 >80b 10 
Sherbrooke temperate grassland 1 1 ~100a 5 
Sierra alpine scree slope 0.01-0.1 160/200 ~100a 10 
Spain temperate shrubland 2.25 80 >90b 10 
Theix temperate grassland 0.785 40 ~85b 10 
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A3 Comparison of different ways of estimating a hypervolume 
 
Since Hutchinson (1957) proposed the n-dimensional hypervolume niche concept, ecologists 
have developed a number of approaches to estimate the hypervolume from a set of observations. 
An ideal estimation of a hypervolume should: (1) directly delineate the boundaries of the 
hypervolume; (2) not assume a fixed distribution of observations; (3) not be sensitive to outlier 
points; (4) easily calculate the union and intersection among multiple hypervolumes (Blonder 
et al. 2014). Simple indices (Pianka 1973; Slobodchikoff & Schulz 1980; Mouillot et al. 2005; 
Violle et al. 2012) have been used for a long time to quantify some properties of the 
hypervolume (i.e. the breadth and overlap), but the indices do not give insight into the geometry 
and topology of the hypervolume, which are necessary for investigating the niche occupancy. 
The n-dimensional rectangular parallelepiped (or n-box, Litvak & Hansell 1990) and ellipse 
(Green 1971; Ricklefs & Travis 1980) from a principle component analysis approach can 
delineate the boundary and provide information on geometry of the hypervolume, but they 
assume a fixed distribution of observations (multi-uniform or multi-normal distribution). 
Although convex hull is a distribution-free approach and has often been used in ecology 
(Cornwell et al. 2006; Villeger et al. 2011; Swenson & Weiser 2014), it is sensitive to outlier 
points (Fig. 2a) and it is quite complicated for calculating the union of multiple convex hulls 
(necessary in our study). The union of multiple convex hulls can be calculated in an indirect 
way (Villeger et al. 2011), on the basis of the fact that the union between two convex hulls is 
rarely a convex hull while their intersection is always a convex hull. Therefore, the union of 
multiple convex hulls can be computed by quantifying each convex hull and their intersections 
with the help of the inclusion–exclusion principle (eqn 4). For N convex hulls, computing their 
union requires computing (2N-N-1) pair-wise intersections (Baselga & Orme 2012) and thus it 
is impossible in practice to implement except with very small numbers of convex hulls (in fact, 
the function only works when N<10). Therefore, the convex hull approach is not applicable for 
our purpose because the species richness of most of the local communities in our datasets is far 
higher than 10. A hypervolume method proposed recently (Blonder et al. 2014), which met the 
above four criteria, is adopted in our study. 
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A4 R codes for the metrics calculations and null model analyses 
 
 
# This section of codes is to 
# 1. calculate functional niche occupancy metrics (T, O and A) each local community in each functional 
space (trait combination).
# 2. construct 1000 null communities for each local community and calculate the metrics for each null 
community.
# tranformation of data ####
# 1. selected the traits columns (trait.ana)
# 2. delete rows which contains NA values
trans<-function(x,trait.ana)
{
  # 1.
  y<-cbind(x[,1:3],x[,names(x)%in%trait.ana])
  # 2.
  z<-y[!apply(apply(y,1,is.na),2,any),]
  return(z)
}
# Function to calculate for the metrics (T, O and A) for a given community
# x is dataframe of species' names and their trait values for a given community
# bw is the bandwidth
library(hypervolume) 
TOA<-function(x,bw)
{
  n<-ncol(x)
  # list the species in community x
  sp<-table(x$Species)
  # a vector store the T, O and A
  out<-numeric()
  # a vector to store the functional volumes of each species in community x
  vol<-numeric()
  # the trait values of the first species
  x1<-droplevels(x[x$Species==names(sp)[1],2:n])
  # functional volume of the first species
  hv1<-hypervolume(x1,repsperpoint=1000,bandwidth=bw,quantile=0.05,verbose=F)
  vol[1]<-hv1@Volume
  # union is calculated in a sequential way
  for(j in 2:length(sp))
  {
    # the trait values of each following species in community x
    x2<-droplevels(x[x$Species==names(sp)[j],2:n])
    # functional volumes of the following species in community x
    hv2<-hypervolume(x2,repsperpoint=1000,bandwidth=bw,quantile=0.05,verbose=F)
    vol[j]<-hv2@Volume
    # The union of the union of functional volumes for previous species and functional volume of next 
species 
    hv1<-hypervolume_set(hv1,hv2,verbose=F,check_memory=F)@HVList[[4]]
  }
  # total functional volume (T)
  out[1]<-hv1@Volume
  # functional overlap (O)
  out[2]<-sum(vol)-out[1]
  # average functional volume (A)
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  out[3]<-mean(vol)
  return(out)
}
# import the database
Database<-read.csv("Database.csv")
# select the traits to be analysed
trait.ana<-c("SLA","LDMC")
# construct golbal species pool with all datasets covering the selected traits to be analysed
pool<-droplevels(trans(Database,trait.ana))
# list of all local communities (plots) avaiable for this trait combination
plots<-table(pool$Plots)
# indicates the number of plots need to be analysed
print(length(plots))
# list of species' names in the pool
sp<-table(pool$Species)
# a matrix store the results
out<-matrix(0,length(plots),
11,dimnames=list(NULL,c("Plots","S","T.ob","O.ob","A.ob","T.exp","O.exp","A.exp","T.sd","O.sd","A.s
d")))
# parallelize the the repeated processes on a supercomputer with 24 cores
library(parallel)
# for each local community (plot) construct 1000 null communities
for(i in 1:length(plots))
{
  # the name of plots[i]
  out[i,1]<-names(plots)[i]
  # species' names and trait values for each local community
  ob.com<-droplevels(pool[pool$Plots==names(plots)[i],])
  # species list for each local community
  ob.sp<-table(ob.com$Species)
  # number of species availaible for this trait combination
  out[i,2]<-length(ob.sp)
  # calculate T,O and A for observed communities
  out[i,3:5]<-TOA(subset(ob.com,select=-c(Datasets,Plots)),0.5)
  
  # only use the dataset to which the local community belongs as the regional species pool
  pool.region<-droplevels(pool[pool$Datasets==names(table(ob.com$Datasets)),])
  # list the species in this dataset (regional species pool)
  sp.region<-table(pool.region$Species)
  run<-function(j)
  {
    # indicates where the codes running
    print(c(i,j))
    # randomly sampled the same number of species as plots[i] from restricted pool
    sp.id<-sample(1:length(sp.region),out[i,2],replace=F)
    # for each selected species, randomly select a plot with this species and assign the trait values
    sam.com<-NULL
    for(k in 1:out[i,2])
    {
      # for each randomly selected species in null community, list all local communities containning the 
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selected species from the regional species pool
      sp.plots<-table(droplevels(pool.region[pool.region$Species%in%names(sp.region)[sp.id[k]],])$Plots)
      # for each randomly selected species in null community, randomly select a local community 
containing the selected species
      plot.id<-sample(1:length(sp.plots),1)
      # assgin the trait values of the selected species from the selected local community to the null 
community
      sam.com<-droplevels(rbind(sam.com,pool.region[(pool.region$Species%in%names(sp.region)
[sp.id[k]])&(pool.region$Plots%in%names(sp.plots)[plot.id]),]))
    }
    # calculate the metrics for each null community
    return(TOA(subset(sam.com,select=-c(Datasets,Plots)),0.5))
  }
  
  # parallelize 1000 repeats on 24 cores
  res<-mclapply(1:1000,run,mc.preschedule=F,mc.cores=24)
  # a matrix store the 1000 repeated repeated metrics
  a<-matrix(unlist(res),ncol=3,byrow=TRUE)
  # calculate mean of T, O and A for the 1000 null communities
  out[i,6:8]<-apply(a,2,mean)
  # calculate standard deviation of T, O and A for the 1000 null communities
  out[i,9:11]<-apply(a,2,sd)
}
write.csv(out,"out.csv",row.names=F)
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Table B1 List of species (i) originally planted in 2009 and still present 2014, (ii) originally 
planted in 2009 but subsequently extinct and (iii) naturally invaded since 2009 
and still present in 2014. 
 
 
Original species planted in 2009 37 species surveyed in 2014
Still present in 2014 Original species planted in 2009
Agrostis gigantea  Roth. Agrostis gigantea  Roth.
Centaurea cyanus  Hill. Centaurea cyanus  Hill.
Chenopodium polyspermum  L. Chenopodium polyspermum  L.
Cichorium intybus  L. Cichorium intybus  L.
Dactylis glomerata  L. Dactylis glomerata  L.
Epilobium angustifolium  (L.) Holub Epilobium angustifolium  (L.) Holub
Erigeron canadensis  L. Erigeron canadensis  L.
Festuca rubra  L. Festuca rubra  L.
Koeleria cristata  (Ledeb.) Schult. Koeleria cristata  (Ledeb.) Schult.
Leontodon autumnalis  Oed. Leontodon autumnalis  Oed.
Lythrum salicaria  L. Lythrum salicaria  L.
Phleum pratense  L. Phleum pratense  L.
Poa palustris  L. Poa palustris  L.
Potentilla recta  L. Potentilla recta  L.
Prunella vulgaris  L. Prunella vulgaris  L.
Silene vulgaris  Garcke. Silene vulgaris  Garcke.
Solidago canadensis  L. Solidago canadensis  L.
Trifolium pratense  L. Trifolium pratense  L.
No longer present in 2014 Naturally invaded species since 2009
Althaea officinalis  L. Acalypha rhomboidea  Raf.
Artemisia absinthium  L. Digitaria ischaemum  (Schreb.) Muhl.
Beckmannia syzigachne (Steud.) Fern. Echinochloa crus-galli  (L.) Beauv.
Cerastium tomentosum  L. Erysimum cheiranthoides  L.
Echium vulgare L. Galeopsis tetrahit  L.
Hyoscyamus niger L. Glechoma hederacea  L.
Oenothera biennis  L. Medicago lupulina  L.
Rudbeckia hirta L. Melilotus alba  Desr.
Rumex acetosella L. Muhlenbergia mexicana  (L.) Trin.
Rumex obtusifolius L. Oxalis stricta  L.
Sporobolus cryptandrus  (Torr.) A. Gray. Panicum capillare  L.
Stellaria media  (L.) Villars. Setaria glauca  (L.) Beauv.
Setaria viridis  (L.) Beauv.
Sisyrinchium angustifolium  Mill.
Sonchus asper  (L.) Hill.
Taraxacum officinale  Webb.
Trifolium hybridum  L.
Trifolium repens  L.
Vicia cracca Benth.
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Table B2 Species’ mean trait values and CSR values. See abbreviations and units of traits 
in Table 4.1. 
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 ANNEXES C 
- 
APPENDICES TO CHAPTER 5 
	
	
Table C1 List of the 15 traits measured for the 34 abundant species that have appeared 
during the 7-year of experiment. 
 
Categories Traits Abbreviations Units Notes 
Whole-plant traits 
Vegetative height VH m distance between top photosynthetic tissue and ground level 
Total biomass TB mg biomass including above- and below-ground biomass 
Leaf traits 
Leaf thickness LT mm by micrometer 
Leaf area LA mm² by scanner and ImageJ 
Leaf dry matter content LDMC % leaf fresh mass / leaf dry mass 
Specific leaf area SLA  mm².mg-1 leaf area / leaf dry mass 
Leaf carbon concentration LCC mg.g-1 by elementar analyzer with sample size around 100 mg 
Leaf nitrogen concentration LNC mg.g-1 by elementar analyzer with sample size around 100 mg 
Maximum photosynthesis rate MPR mmol/m2/sec 
by Licor 6400 with controlled light intensity (800µmol m-2 s-1) 
and leaf temperature (23℃), CO2 in air: 380 ppm to 400 ppm 
Stem traits 
Stem specific density SSD mg.mm-3 stem section fresh mass / stem section dry mass 
Stem dry matter content SDMC mg.g-1 stem section fresh mass / stem section volume 
Root traits 
Specific root length SRL m.g-1 fine root section length / fine root section dry mass 
Root biomass RB mg below-ground biomass 
Seed traits 
Seed mass SM mg average mass of 20 seeds 
Seed sphericity  SS - standard deviation of the 3-dimensions of the seeds 
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Table C2 The estimated intrinsic dimensionality of our trait data from a series of methods 
suggested by Laughlin (2014). 
 
Methods Intrinsic dimensionality 
Cattell’s scree test (Cattell 1966) 1 
Optimal coordinates (Ruscio and Roche 2012) 1 
Parallel analysis (Horn 1965) 4 
Kaiser's rule (Kaiser 1960) 6 
NMS (Oksanen et al. 2015) 4 
Isomap (Bartenhagen 2014) 5 
Median 4 
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Table C3 The mean trait values of the 34 species averaged on the measurements of five 
individuals. The full name and units of the traits are given in Table C1. 
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Table C4 Species abundance of the 24 mesocosms (m01 to m24) in from 2010 to 2016. 
 
 
Year Species m01 m02 m03 m04 m05 m06 m07 m08 m09 m10 m11 m12 m13 m14 m15 m16 m17 m18 m19 m20 m21 m22 m23 m24
2010 Acalypha rhomboidea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Agrostis gigantea 0 1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 2 0 0 0
2010 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2 0 0
2010 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Centaurea cyanus 5 0 0 0 0 1 0 0 0 0 1 0 0 0 9 2 1 4 0 0 3 0 1 0
2010 Cerastium tomentosum 2 0 3 3 5 2 3 1 0 1 2 0 0 1 0 2 4 2 0 0 0 2 0 0
2010 Chenopodium polyspermum 8 1 9 11 2 0 3 2 11 3 0 1 4 1 16 17 10 11 5 0 3 1 1 2
2010 Cichorium intybus 1 3 3 6 18 10 20 16 11 9 15 7 21 5 9 16 7 7 0 19 7 14 36 7
2010 Dactylis glomerata 72 11 21 25 97 29 40 79 55 59 51 71 85 71 79 75 104 15 20 42 66 39 67 71
2010 Digitaria ischaemum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Echinochloa crus-galli 4 12 19 0 0 0 0 2 0 0 0 0 0 0 0 0 21 0 0 3 4 3 0 0
2010 Echium vulgare 33 27 10 10 23 19 18 15 15 21 27 26 23 13 11 13 17 23 22 34 26 20 19 34
2010 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Erigeron canadensis 1 3 5 10 2 5 0 0 0 4 9 4 2 5 0 0 0 3 3 4 1 13 0 14
2010 Erysimum cheiranthoides 5 4 3 1 0 0 6 0 13 0 0 0 0 2 9 38 0 0 0 0 0 1 16 0
2010 Festuca rubra 222 231 191 237 214 163 323 269 160 189 171 190 160 243 150 182 291 282 230 213 123 188 114 252
2010 Galinsoga ciliata 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Galeopsis tetrahit 0 0 0 0 0 0 0 0 9 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
2010 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Koeleria cristata 0 7 4 0 0 0 0 10 0 0 0 0 0 0 1 0 0 0 0 4 0 8 0 1
2010 Leontodon autumnalis 18 22 20 12 7 12 12 9 3 12 9 16 22 16 4 16 4 14 24 19 14 22 7 12
2010 Lythrum salicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Melilotus alba 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0
2010 Medicago lupulina 0 3 1 0 9 2 0 0 4 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
2010 Muhlenbergia mexicana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Oenothera biennis 0 3 1 1 0 1 0 10 0 0 2 2 0 0 0 0 0 0 0 0 0 0 1 2
2010 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Oxalis stricta 4 6 0 1 2 1 0 0 3 0 0 0 0 0 0 1 0 5 23 0 1 0 0 1
2010 Panicum capillare 5 10 17 3 0 0 3 54 0 0 0 0 3 0 2 0 0 1 1 1 11 9 1 2
2010 Parthenocissus quinquefolia 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Phleum pratense 103 75 60 71 55 38 84 61 90 29 25 41 81 14 39 91 89 89 102 22 54 22 29 126
2010 Plantago lanceolata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
2010 Plantago major 0 1 1 3 1 0 1 0 1 1 0 0 0 0 0 0 0 3 0 0 2 0 0 0
2010 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Polygonum aviculare 6 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
2010 Poa palustris 55 59 71 91 65 163 73 71 40 106 63 90 59 93 50 61 98 51 39 68 53 102 32 61
2010 Polygonum pensylvanicum 3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Polygonum persicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Potentilla recta 11 28 17 19 27 23 18 17 9 15 14 21 29 10 6 10 23 11 7 6 22 13 5 25
2010 Prunella vulgaris 2 0 4 5 9 2 4 1 5 2 4 4 6 1 10 6 9 5 12 7 4 9 5 8
2010 Ranunculus acris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Rumex acetosella 0 0 1 4 7 3 0 2 2 3 2 2 1 1 0 2 0 1 1 3 4 2 0 3
2010 Rudbeckia hirta 0 1 1 0 0 0 0 2 0 0 3 2 0 0 0 0 0 0 1 1 0 1 0 0
2010 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Setaria viridis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Senecio vulgaris 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 33 0 0 0 0 0 0
2010 Sisyrinchium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Sinapis arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0
2010 Silene cucubalus 12 30 31 25 49 27 38 20 20 16 17 27 24 24 11 21 37 0 11 39 35 39 22 35
2010 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Sonchus asper 0 0 0 0 0 1 0 0 14 0 0 1 0 0 0 3 0 4 0 0 0 0 1 1
2010 Solidago canadensis 0 0 9 1 0 2 1 4 2 0 0 0 0 0 3 0 0 0 0 0 0 1 0 0
2010 Sporobolus cryptandrus 0 0 0 0 0 0 0 5 1 0 0 0 1 0 2 0 0 0 0 0 0 2 0 3
2010 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Stellaria media 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Taraxacum officinale 3 0 3 1 2 0 1 0 0 0 1 5 6 0 1 0 0 0 2 0 0 0 1 1
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2010 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Trifolium pratense 17 16 0 22 29 22 32 12 42 50 59 102 116 25 28 31 18 14 72 22 64 43 24 14
2010 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2010 Vicia cracca 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 1 0 0 3 0 0 0
2010 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Acalypha rhomboidea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Agrostis gigantea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Beckmannia syzigachne 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Centaurea cyanus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Cerastium tomentosum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Chenopodium polyspermum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Cichorium intybus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Dactylis glomerata 0 0 0 0 16 4 0 9 47 45 34 33 18 22 45 34 94 21 4 13 20 13 10 0
2011 Digitaria ischaemum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Echinochloa crus-galli 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Echium vulgare 6 5 1 0 2 9 2 0 0 8 8 3 0 3 2 0 2 0 3 13 10 8 10 1
2011 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Erigeron canadensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Erysimum cheiranthoides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Festuca rubra 79 284 101 273 236 270 282 303 199 214 197 204 232 303 325 249 242 334 303 230 186 174 61 78
2011 Galinsoga ciliata 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Galeopsis tetrahit 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Koeleria cristata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Leontodon autumnalis 0 0 0 0 7 1 0 3 0 6 4 8 0 4 0 0 0 0 0 8 1 0 5 0
2011 Lythrum salicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Melilotus alba 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Medicago lupulina 0 7 3 0 13 0 0 0 0 0 11 4 0 0 0 0 0 0 8 0 3 4 0 7
2011 Muhlenbergia mexicana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Oxalis stricta 2 2 1 0 1 0 2 0 2 0 0 0 0 0 0 0 0 8 36 0 1 0 0 0
2011 Panicum capillare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Parthenocissus quinquefolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Phleum pratense 42 22 16 41 12 3 34 14 45 3 4 18 38 11 14 20 27 5 10 1 15 10 12 39
2011 Plantago lanceolata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Plantago major 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
2011 Polygonum achoreum 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Polygonum aviculare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Poa palustris 33 13 32 14 10 16 26 32 35 34 5 17 17 4 35 28 43 13 3 18 27 1 0 18
2011 Polygonum pensylvanicum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Polygonum persicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Potentilla recta 14 6 13 13 19 7 13 5 8 10 7 11 9 5 7 7 19 8 5 5 6 5 8 19
2011 Prunella vulgaris 0 0 0 0 1 1 0 0 0 0 1 3 2 1 0 1 0 1 0 0 0 0 0 0
2011 Ranunculus acris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Rumex acetosella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Setaria viridis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Senecio vulgaris 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
2011 Sisyrinchium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Sinapis arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Silene cucubalus 10 0 0 10 8 6 22 16 14 16 13 17 23 8 6 10 14 28 2 21 4 3 19 19
2011 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Sonchus asper 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Solidago canadensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
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2011 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Stellaria media 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Taraxacum officinale 24 16 5 0 1 0 1 0 0 1 6 0 0 1 0 0 0 0 0 2 0 2 0 9
2011 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Trifolium pratense 15 15 2 66 0 47 23 1 13 35 18 23 5 16 7 2 11 12 22 18 7 17 25 13
2011 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2011 Vicia cracca 0 7 1 7 1 1 2 10 5 0 6 0 2 0 12 3 1 19 2 0 9 3 3 0
2011 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Acalypha rhomboidea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Agrostis gigantea 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Centaurea cyanus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Cerastium tomentosum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Chenopodium polyspermum 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Cichorium intybus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Dactylis glomerata 4 0 20 4 4 15 7 13 44 18 27 26 24 17 12 51 39 1 2 12 2 19 34 20
2012 Digitaria ischaemum 0 0 0 0 52 0 0 0 0 0 129 0 3 0 0 0 0 0 0 2 0 2 0 1
2012 Echinochloa crus-galli 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Echium vulgare 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
2012 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Erigeron canadensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Erysimum cheiranthoides 0 0 0 1 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Festuca rubra 198 534 466 422 421 424 466 579 366 485 437 628 336 642 210 274 330 486 454 236 376 492 175 435
2012 Galinsoga ciliata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Galeopsis tetrahit 0 0 3 3 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Hieracium sp 7 3 0 0 5 5 2 0 1 3 1 3 3 0 0 0 1 4 10 4 1 3 6 3
2012 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Koeleria cristata 0 0 0 0 0 0 0 0 35 0 1 0 23 4 0 0 3 10 3 47 6 42 0 4
2012 Leontodon autumnalis 51 30 10 3 8 9 2 0 0 44 113 40 1 10 0 0 1 2 10 21 12 22 7 3
2012 Lythrum salicaria 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0
2012 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Melilotus alba 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Medicago lupulina 0 8 9 0 7 12 10 0 1 0 4 0 0 0 0 0 1 0 2 0 0 0 0 6
2012 Muhlenbergia mexicana 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Oxalis stricta 8 7 0 0 0 6 0 0 8 0 0 0 0 0 0 0 0 1 9 0 4 4 0 4
2012 Panicum capillare 10 7 33 14 9 1 0 7 0 1 0 3 2 0 0 0 0 1 1 4 30 11 2 0
2012 Parthenocissus quinquefolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Phleum pratense 66 208 83 145 104 50 80 75 63 164 48 96 85 84 81 73 57 68 58 63 103 101 53 83
2012 Plantago lanceolata 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Plantago major 0 0 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Polygonum aviculare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Poa palustris 0 0 1 3 39 29 9 39 46 3 9 13 5 9 13 37 5 7 0 0 5 8 9 33
2012 Polygonum pensylvanicum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Polygonum persicaria 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Potentilla recta 21 8 42 10 7 4 42 6 2 9 4 5 12 6 3 2 14 20 2 6 3 4 7 11
2012 Prunella vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 8 2 5 2 1
2012 Ranunculus acris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Rumex acetosella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Setaria viridis 0 0 0 0 0 0 0 0 0 2 6 0 0 0 0 0 0 0 0 9 0 5 1 1
2012 Senecio vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Sisyrinchium angustifolium 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Sinapis arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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2012 Silene cucubalus 3 1 6 0 0 3 0 0 2 1 2 5 6 1 1 0 0 0 0 5 3 3 8 0
2012 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Sonchus asper 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Solidago canadensis 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Stellaria media 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Taraxacum officinale 42 52 98 44 13 20 5 0 1 91 87 42 12 39 9 11 4 2 5 71 19 49 25 14
2012 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Trifolium pratense 14 38 5 9 0 19 31 1 4 7 1 2 0 17 3 1 2 1 10 4 1 19 14 4
2012 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2012 Vicia cracca 0 5 1 3 7 0 2 23 15 0 0 0 36 0 27 21 0 25 40 0 24 0 12 15
2012 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Acalypha rhomboidea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Agrostis gigantea 0 0 0 0 0 0 0 0 0 6 8 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Centaurea cyanus 0 6 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0
2013 Cerastium tomentosum 5 4 0 0 2 0 4 1 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 0
2013 Chenopodium polyspermum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Cichorium intybus 0 0 0 1 0 0 1 0 0 2 3 0 0 0 0 0 0 0 0 1 0 0 2 0
2013 Dactylis glomerata 12 27 30 5 50 29 7 7 0 28 41 51 8 59 9 7 2 7 37 46 30 79 36 19
2013 Digitaria ischaemum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Echinochloa crus-galli 18 28 2 0 100 0 0 0 0 0 0 0 0 0 0 0 15 0 0 0 0 8 0 0
2013 Echium vulgare 3 5 0 3 12 11 1 4 2 0 2 2 3 4 0 0 8 4 1 8 1 0 14 2
2013 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Erigeron canadensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 12 0 0
2013 Erysimum cheiranthoides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0
2013 Festuca rubra 215 328 259 246 234 200 224 277 148 370 200 411 246 480 150 233 28 232 424 295 290 287 152 400
2013 Galinsoga ciliata 0 1 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Galeopsis tetrahit 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Koeleria cristata 0 0 8 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 5 0 0
2013 Leontodon autumnalis 17 10 4 1 9 1 2 3 0 10 23 29 1 10 0 2 5 0 0 17 6 11 3 0
2013 Lythrum salicaria 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Melilotus alba 0 0 0 3 6 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Medicago lupulina 0 7 18 7 4 0 0 0 5 5 9 1 0 0 0 0 2 2 1 0 5 12 2 2
2013 Muhlenbergia mexicana 0 0 0 0 1 3 5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
2013 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Oxalis stricta 79 26 6 3 6 12 0 2 8 2 0 3 1 2 3 1 1 16 7 13 52 8 8 6
2013 Panicum capillare 0 0 0 0 11 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Parthenocissus quinquefolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Phleum pratense 24 50 22 0 12 31 31 46 20 17 10 25 26 12 56 72 11 45 39 1 73 25 46 71
2013 Plantago lanceolata 1 0 0 1 0 0 0 0 2 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
2013 Plantago major 2 0 2 0 0 0 0 1 4 0 2 2 1 0 0 2 0 0 0 0 0 0 0 0
2013 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Polygonum aviculare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Poa palustris 1 8 9 0 13 2 0 7 1 30 25 14 0 9 5 0 0 0 1 9 0 0 1 0
2013 Polygonum pensylvanicum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Polygonum persicaria 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Potentilla recta 18 4 37 10 4 9 15 29 4 0 1 12 7 6 3 4 33 10 3 8 3 5 0 7
2013 Prunella vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 2 7 1 6 0 0
2013 Ranunculus acris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Rumex acetosella 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 5 1 0 0 0 0 0 0 0 0 0 0 0 0
2013 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
2013 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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2013 Setaria viridis 0 0 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 27 0 0 0 1
2013 Senecio vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Sisyrinchium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Sinapis arvensis 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Silene cucubalus 0 2 7 22 11 4 0 3 24 0 1 0 17 0 2 2 16 4 0 2 13 4 27 1
2013 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Sonchus asper 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Solidago canadensis 1 0 4 1 0 0 0 0 4 3 17 2 2 0 0 0 0 0 0 0 0 0 0 0
2013 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Stellaria media 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Taraxacum officinale 24 13 11 11 5 5 1 3 0 17 17 16 3 6 0 0 4 3 7 18 5 10 7 3
2013 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Trifolium pratense 2 0 0 6 0 0 3 5 0 10 0 4 0 9 0 0 0 0 0 0 1 6 3 2
2013 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2013 Vicia cracca 0 9 2 15 5 0 9 7 14 0 0 0 29 0 31 50 15 48 47 0 2 3 10 30
2013 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Acalypha rhomboidea 1 3 44 104 4 0 0 4 0 7 17 6 0 0 2 0 0 0 0 0 7 0 0 1
2014 Agrostis gigantea 3 0 0 0 0 1 0 0 0 12 10 0 0 2 0 0 0 0 0 0 0 6 4 0
2014 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Centaurea cyanus 1 0 0 0 1 4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
2014 Cerastium tomentosum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Chenopodium polyspermum 1 1 0 3 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0
2014 Cichorium intybus 0 0 0 0 0 0 0 0 0 3 0 0 0 1 0 0 0 0 0 4 0 1 0 0
2014 Dactylis glomerata 0 0 0 2 0 1 0 0 0 6 0 2 0 2 1 0 2 0 0 2 0 1 0 0
2014 Digitaria ischaemum 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 4 0 15 2 1 0 0
2014 Echinochloa crus-galli 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 1
2014 Echium vulgare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2 0 0
2014 Erigeron canadensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0
2014 Erysimum cheiranthoides 0 0 0 0 8 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Festuca rubra 65 14 53 27 2 125 20 38 0 78 69 197 17 129 3 11 6 5 104 109 11 164 23 25
2014 Galinsoga ciliata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Galeopsis tetrahit 0 0 0 0 0 0 1 0 39 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0
2014 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0
2014 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Koeleria cristata 2 0 2 0 0 4 0 0 0 2 0 1 0 0 0 0 0 0 0 2 0 5 0 0
2014 Leontodon autumnalis 320 19 49 8 19 2 0 3 2 22 6 39 1 14 0 0 2 3 1 15 7 12 5 0
2014 Lythrum salicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Melilotus alba 0 0 0 0 15 23 0 0 1 0 0 0 0 0 0 2 226 1 0 15 7 0 0 0
2014 Medicago lupulina 8 15 113 0 13 1 23 0 0 0 52 26 0 0 0 0 0 0 0 1 2 0 0 0
2014 Muhlenbergia mexicana 26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Oxalis stricta 101 24 25 9 0 16 2 5 5 9 4 5 4 4 43 5 0 16 1 51 83 87 13 11
2014 Panicum capillare 3 5 37 0 0 0 1 0 0 2 0 0 0 0 0 2 0 26 0 1 17 14 11 0
2014 Parthenocissus quinquefolia 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Phleum pratense 16 6 7 24 2 11 33 10 1 16 9 10 15 12 0 2 9 0 9 13 4 7 24 1
2014 Plantago lanceolata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Plantago major 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Polygonum aviculare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Poa palustris 0 0 0 13 3 0 0 11 12 7 0 1 1 0 2 2 3 6 0 0 20 3 0 3
2014 Polygonum pensylvanicum 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Polygonum persicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Potentilla recta 78 0 3 1 0 1 4 1 0 1 1 2 0 0 0 0 1 0 0 0 0 1 0 1
2014 Prunella vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 2 1 0
2014 Ranunculus acris 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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2014 Rumex acetosella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 5 0 1
2014 Setaria viridis 0 1 71 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 11 0 0 0 0
2014 Senecio vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 0
2014 Sisyrinchium angustifolium 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Sinapis arvensis 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Silene cucubalus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 1 0
2014 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
2014 Sonchus asper 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Solidago canadensis 1 2 3 0 8 0 0 0 0 4 4 0 0 0 0 0 0 1 0 0 2 0 1 0
2014 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Stellaria media 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Taraxacum officinale 9 2 18 2 6 2 1 0 0 2 3 7 0 5 0 0 0 0 0 3 1 5 4 0
2014 Trifolium hybridum 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2014 Trifolium pratense 13 1 2 2 0 16 0 0 0 5 0 1 0 2 0 0 1 0 0 0 0 0 0 0
2014 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0
2014 Vicia cracca 0 83 12 15 5 0 15 39 13 0 0 0 50 3 31 8 16 34 25 2 59 5 17 7
2014 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Acalypha rhomboidea 5 48 44 439 7 0 0 16 43 56 24 55 2 3 13 2 1 3 0 0 1 2 0 0
2015 Agrostis gigantea 0 0 0 0 1 11 0 0 0 21 43 4 0 0 0 0 0 0 0 3 0 13 0 0
2015 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 carex sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Centaurea cyanus 0 1 0 0 3 0 2 0 0 0 0 0 1 0 0 0 6 2 0 1 10 0 1 3
2015 Cerastium tomentosum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Chenopodium polyspermum 0 1 1 1 0 0 2 0 1 0 0 0 0 0 0 0 3 2 0 0 0 0 0 0
2015 Cichorium intybus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0
2015 Dactylis glomerata 0 0 0 0 0 1 1 2 0 2 9 1 0 1 0 0 0 0 0 0 0 1 3 0
2015 Digitaria ischaemum 0 28 12 0 5 0 0 0 0 0 183 0 0 3 0 0 0 0 0 2 0 0 0 0
2015 Echinochloa crus-galli 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
2015 Echium vulgare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
2015 Erigeron canadensis 0 20 1 0 2 0 0 0 10 4 1 0 5 0 3 6 1 0 0 2 42 6 0 5
2015 Erysimum cheiranthoides 0 0 1 0 0 0 5 2 58 0 0 0 0 0 19 4 15 0 0 0 0 0 0 0
2015 Festuca rubra 51 47 33 16 8 187 17 49 0 61 109 181 71 44 0 16 0 0 38 32 4 102 57 35
2015 Galinsoga ciliata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Galeopsis tetrahit 0 0 0 0 0 0 0 0 50 0 0 0 0 0 248 2 0 0 0 0 0 0 0 0
2015 Glechoma hederacea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Koeleria cristata 0 0 0 0 0 1 0 0 0 18 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Leontodon autumnalis 88 19 15 16 29 20 1 1 20 30 16 31 11 38 6 26 38 14 12 25 6 22 1 8
2015 Lythrum salicaria 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Melilotus alba 0 0 0 1 18 16 1 2 4 0 0 0 0 0 0 1 28 3 0 18 16 0 0 0
2015 Medicago lupulina 36 8 86 2 31 0 24 0 3 0 208 0 0 0 0 0 4 2 0 1 8 0 0 8
2015 Muhlenbergia mexicana 25 0 1 3 6 0 0 2 0 12 0 0 0 0 1 0 0 0 0 0 0 2 0 0
2015 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
2015 Oxalis stricta 33 26 11 13 16 15 38 13 47 38 10 11 31 16 95 18 8 63 8 36 9 55 29 154
2015 Panicum capillare 3 28 6 0 0 8 0 1 0 0 0 0 1 0 2 0 0 39 0 1 19 0 0 0
2015 Parthenocissus quinquefolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Phleum pratense 42 1 25 14 30 22 57 20 0 7 9 20 45 7 2 85 49 13 37 8 0 1 48 7
2015 Plantago lanceolata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Plantago major 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
2015 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Polygonum aviculare 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Poa palustris 1 4 2 5 8 0 1 23 3 19 0 0 10 0 2 0 0 3 0 0 3 3 8 5
2015 Polygonum pensylvanicum 0 0 0 0 0 0 0 0 0 0 0 0 6 0 2 0 0 0 0 0 0 0 0 1
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2015 Polygonum persicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Potentilla recta 1 0 2 0 2 0 0 0 1 0 0 1 2 0 0 0 0 1 0 0 10 1 2 0
2015 Prunella vulgaris 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0
2015 Ranunculus acris 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Rumex acetosella 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0
2015 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 4 0 7
2015 Setaria viridis 0 0 3 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 4 0 1 0 0
2015 Senecio vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 34 0 0 0 0
2015 Sisyrinchium angustifolium 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 6
2015 Sinapis arvensis 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
2015 Silene cucubalus 0 3 1 4 16 0 2 1 87 2 0 0 27 1 5 27 34 14 0 0 56 1 4 10
2015 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 0 0 0
2015 Sonchus asper 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0
2015 Solidago canadensis 0 0 9 0 0 0 0 1 0 19 3 0 0 11 2 1 0 0 0 0 0 8 2 2
2015 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Stellaria graminea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Stellaria media 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0
2015 Taraxacum officinale 0 2 5 4 10 3 1 0 1 4 2 2 1 3 0 0 0 3 0 0 4 6 8 0
2015 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0
2015 Trifolium pratense 13 0 0 9 0 13 0 0 0 78 0 0 0 15 1 1 0 0 0 0 0 5 0 1
2015 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2015 Vicia cracca 0 79 5 10 6 0 33 19 21 0 0 3 101 31 14 23 24 53 105 0 12 19 40 56
2015 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
2016 Acalypha rhomboidea 34 258 143 722 5 0 0 89 95 47 60 86 69 16 40 25 7 0 0 4 3 4 3 2
2016 Agrostis gigantea 0 0 0 0 0 2 0 1 0 4 20 1 0 2 0 0 0 0 0 8 0 1 0 0
2016 Althaea officinalis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Artemisia absinthium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Beckmannia syzigachne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 carex sp 33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Centaurea cyanus 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 1 0 0 1 1 0 2 0
2016 Cerastium tomentosum 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Chenopodium polyspermum 2 1 0 2 1 0 1 2 0 1 0 0 3 0 1 0 2 0 0 0 0 0 0 0
2016 Cichorium intybus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Dactylis glomerata 0 0 0 0 0 0 0 0 0 3 1 2 0 0 0 0 0 0 0 0 0 1 0 0
2016 Digitaria ischaemum 10 5 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 6 0 0 0
2016 Echinochloa crus-galli 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Echium vulgare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0
2016 Epilobium angustifolium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Erigeron canadensis 0 0 0 1 3 0 1 4 2 4 2 2 7 3 12 0 3 13 35 15 7 2 0 1
2016 Erysimum cheiranthoides 0 1 0 1 4 0 7 1 25 0 0 0 0 0 1 0 63 3 0 0 0 0 0 0
2016 Festuca rubra 63 25 57 4 10 89 30 132 0 3 100 103 10 50 7 10 1 0 34 52 15 30 6 51
2016 Galinsoga ciliata 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Galium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0
2016 Galeopsis tetrahit 0 0 0 0 0 0 0 0 25 0 0 0 0 0 12 4 0 0 0 0 0 0 0 0
2016 Glechoma hederacea 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
2016 Hieracium sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Hyoscyamus niger 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Koeleria cristata 0 0 1 0 0 3 2 0 0 8 7 4 0 2 0 0 0 0 0 4 0 1 0 0
2016 Leontodon autumnalis 19 0 4 0 1 17 1 2 1 1 13 7 1 6 8 1 0 2 1 15 0 4 0 0
2016 Lythrum salicaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0
2016 Matricaria matricarioides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Melilotus alba 0 0 0 0 1 8 0 1 0 0 0 0 0 0 1 1 0 1 0 146 4 0 0 0
2016 Medicago lupulina 24 13 62 3 0 2 0 0 0 0 48 21 0 0 0 0 1 0 0 0 0 0 0 0
2016 Muhlenbergia mexicana 47 0 5 0 26 0 0 4 1 28 0 2 0 0 21 2 0 0 0 0 2 2 0 0
2016 Oenothera biennis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 orchid sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Oxalis stricta 18 24 3 5 24 17 300 31 36 19 8 18 20 26 70 15 88 545 83 83 19 46 56 90
2016 Panicum capillare 0 32 1 0 0 8 0 8 0 0 0 1 5 0 1 0 0 0 2 4 40 0 1 0
2016 Parthenocissus quinquefolia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Phleum pratense 12 2 29 10 38 20 24 16 5 2 3 25 7 11 10 33 7 9 8 12 4 3 5 4
2016 Plantago lanceolata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Plantago major 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
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2016 Polygonum achoreum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Polygonum aviculare 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Poa palustris 0 9 4 10 117 4 5 8 0 0 0 0 50 0 0 2 5 1 10 18 35 0 7 21
2016 Polygonum pensylvanicum 1 0 0 0 0 0 0 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0
2016 Polygonum persicaria 1 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Potentilla recta 0 0 0 0 1 0 3 10 0 0 1 3 5 1 18 2 8 11 0 8 8 2 0 3
2016 Prunella vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 1 1 0
2016 Ranunculus acris 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Rumex acetosella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Rudbeckia hirta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Rumex obtusifolius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Setaria glauca 0 0 0 0 0 0 0 0 0 0 0 0 17 0 3 0 0 0 0 0 0 19 0 0
2016 Setaria viridis 1 0 43 0 0 0 0 0 0 0 2 2 0 1 0 0 0 0 0 70 8 0 0 0
2016 Senecio vulgaris 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0
2016 Sisyrinchium angustifolium 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
2016 Sinapis arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Silene cucubalus 0 1 0 3 2 0 34 0 60 0 0 0 44 1 10 19 7 8 0 9 33 1 1 0
2016 Sonchus arvensis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Sonchus asper 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Solidago canadensis 0 0 12 4 16 2 2 13 1 27 5 1 1 13 12 5 7 4 1 8 3 7 0 2
2016 Sporobolus cryptandrus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Stellaria graminea 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Stellaria media 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Taraxacum officinale 0 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 2 0 0
2016 Trifolium hybridum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2016 Trifolium pratense 3 0 0 0 0 9 0 0 0 6 0 1 0 0 0 0 0 0 0 0 0 0 0 0
2016 Trifolium repens 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0
2016 Vicia cracca 0 38 4 6 5 0 0 8 1 0 0 10 17 25 1 2 0 2 11 0 1 8 9 6
2016 Viola sp 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure C1 Variation of taxonomic dissimilarity over years based on Bray-Curtis index (Bray 
and Curtis 1957), Renkonen index (Renkonen 1938) and partitioning of diversity 
in terms of Hill number (Hill 1973, Jost et al. 2011). Renkonen index is based on 
Manhattan distance of species relative abundance instead of absolute abundance 
used in Bray-Curtis index, which overcomes some weakness of Bray-Curtis 
index (Jost et al. 2011). g-diversity based on Hill number of any order (q) is 
partitioned into a and b components, and then the b-component is transformed 
into a dissimilarity index range from 0 to 1 (Jost et al. 2011). The order q 
determines the sensitivity of the dissimilarity index to species relative abundance, 
and we report results when q=1 and q=2 here. 
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Figure C2 Variation of functional dissimilarity over years in 3-, 4- and 5-dimensional 
functional spaces. 
 
 
 
Figure C3 Variation of taxonomic dissimilarity over years including and excluding 
Acalypha Rhomboidea. 
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